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A location system is disclosed for commercial wireless telecommunication infrastructures. The system is an cnd-to^nd solution 
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location requests via, e.g.. Internet communication between a distributed network of location centers. The system uses a plurality of MS 
locating technologies including those based on: (1) two-way TOA and TDOA; (2) pattern recognition; (3) distributed antenna provisioning; 
and (4) supplemental information from various types of very low cost non-infrastructure base stations for communicating via a typical 
commercial wireless base station infrastructure or a public telephone switch network. 
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LOCATION OF A MOBILE STATION 



FIELD OF THE INVENTION 

5 The present invention is directed generally to a system and method for locating people or objem, and in particular, to a 

system and method for locating a wireless mobile station using a pluraRty of simultaneously activated mobile station locatbn 
estimators. 

BACKGROUND OF THE INVENTION 

Introduction 

10 Wireless communications systems are becoming increasingly important worldwide. Wireless cellular telecommunications 

systems are rapidly replacing conventional wire-based telecommunications systems in many applications. Cellular radio telephone 
networks ("CRT"), and specialized mobile radio and mobile data radio networks are examples. The general principles of wireless 
cellular telephony have been described variously, for example in U, S. Patent 5^95,180 to Vendetti, et al, which is incorporated herein 
by reference. 

15 There is great interest in using existing infrastructures for wireless communication systems for looting people and/or 

objects in a cost effective manner. Such a capability would be invaluable in a variety of situations, especially in emergency or crime 
situations. Due to the substantial benefits of such a location system, several attempts have been made to design and implement such 
a system. 

Systems have been proposed that rely upon signal strength and trilateralization techniques to permit location include those 
20 disclosed in U.S. Patents 4,818.998 and 4,908.629 to Apsell et al. ("the Apsell patents") and 4,891.650 to Sheffer ("the Jheffer 
patent"). However, these systems have drawbacks that include high expense in that special purpose elearonics are required, 
furthermore, the systems are generally only cffenive in line-of-$ight conditions, such as rural settings. Radio wave surface 
refieaions, refrartions and ground clutter cause significant distortion, in determining the location of a signal souae in most 
geographical areas that are more than sparsely populated. Moreover, these drawbacks are particularly exacerbated in dense urban 
25 canyon (city) areas, where errors and/or conflirts in location measurements can result in substantial inaccuracies. 

Another example of a location system using time of arrival and triangulation for location are satellite-based systems, such 
as the military and commercial versions of the Global Positioning Satellite system f GPS"). GPS can provide accurate position 
determination (i,e., about 100 meten error for the commeraal venion of GPS) from a time-based signal received simultaneously 
from at least three satellites. A ground-based GPS receiver at or near the objea to be located determines the difference between the 
30 time at which each satellite transmits a time signal and the time at which the signal is received and, based on the time differentials, 
determines the object's location. However, the GPS is impractical in many applications. The signal power levels from the satellites 

I 
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are low and the GPS receiver requires a clear, line^if-sight path to at lean three satellites above a horizon of about 60 degrees for 
effeaive operation. Accordingly, inctement vreather conditions, such as douds. terrain features, such as hills and trees, and buildings 
restrict the ability of the GPS receiver to determine its position, furthermore, the initial GPS signal detection process for a GPS 
receiver is relatively long (i.e.. several minutes) for determining the receiver's position. Such delays are unacceptable in many 
5 applications such as, for example, emergency response and vehicle tracking. 

Differential GPS, or D6PS systems offer correction schemes to account for time synchronization drift Such correction 
schemes include the transmission of amction sigmils overa two-w;^ radio Gnk or broadcut via fM radio station subcarriers. These 
systems have been found to be awlward and have met with limited success. 

Additiorcjily. GPS-based location systems have been attempted in which the received GPS signals are transmitted to a 
10 central data center for performing loation calculations. Such systems have also met with limited success. In brief, each of the 
various GPS embodimiints have the same fundamental problems of limited reception of the satellite sigmiis and added expense and 
complexity of the electronics required for an inexpensive location mobile station or handset for detecting and receiving the GPS 
signals from the satellites. 

Radio Propagation Background 

15 The behavior of a mobile radio signal in the general emrironment is unique and complicated. Efforts to perform 

correlations between radio signals and distance between a base station and a mobile station are similarly complex. Repeated attempts 
to solve this problem in the past have been met with only marginal success, factors include terrain undulations, fixed and variable 
clutter, atmospheric conditions, inlermii radio characteristics of cellular and PCS systems, such as frequencies, antenna 
configurations, modulation schemes, divenity methods, and the physical geometries of direa. refracted and reflected waves between 

20 the base stations ami the mobile. Noise, such as man-made externally sources (e.g.. auto ignitions) and radio system co-channel ami 
adjaant channel interference also affea radio reception and related performance measurements, such as the analog carrier-to- 
interference ratio (Cfl), or digital energy-per-bit/Noise density ratio (E^) and are particular to various poinu in time and space 
domains. 

RF Propagation in Free Space 

25 Before discussing real worW correlations between signals and distance, it is useful to review the theoretical premise, that of 

radio energy path loss across a pure isotropic vacuum propagation channel, and its dependencies within and among various 
communications channel types. Fig. I illustrates a definition of channel types arising in communications: 
Over the last forty years various mathematical expressions have been developed to assist the radio mobile cell designer in establishing 
the proper balance between base station capital investmem and the quality of the radio link, typically using radio energy field- 
so strength, usually measured in microvolts/meter, or decibels. 

First consider Hata's single ray model. A simplified radio channel can be desaibed as: 
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G, = Lp + F + L,-hL + ^.G( + 6, (EquationI) 

where G| = system jain in dedbeU 

Lp = f ree space path loss in dB, 
5 F = fade margin in dB, 

Lf = transmission line loss from coaxials used to connect radio to antenna, in dB, 

L„,= miscellaneous losses such as mimjr antenna misalignment, coaxial corrosion, increase in the receiver noise figure due 
to aging, in dB, 

Lb= branching loss due to filter and circulator used to combine or split transmitter and receiver signals in a single 
10 antenna 

Gt = gain of transmitting antenna 
Gf= gain of receiving antenna 

Free space path loss' Lp as discussed in Mobile Communicatiom Deu^ Fundamematj. Wtlliajn C t Lee, 2fui, Ed across the propagation channel 
15 is a fundon of distanced, frequency 

f (for f values < I GHz, such as the 890-950 mHz cellular band): 



1 



20 where Por = received power in free space 
h = transmitting power 
c = speed of light, 



25 The difference between two received signal powers in free space, 

A.=(lO)log(^]=(20)lo8[^](^) 



(equation 3) 
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indiates that the free propagation path loss is 20 ilB per decade, frequencies between I GHz and 2GHi experience incrBased values in 
the exponent, rangii? from 2 to 4, or 20 to 40 dB/decade, which would be predicted (or the new PQ 1,8 - 1,9 GHz band. 



5 This suggests that the free propagation path loss is 20 dB perdeade. However, frequencies between I GHz and 2 GHz experience 
increased values in the exponent, ranging from 2 to 4. or 20 to 40 dB/decade, which would be predicted for the new PQ 1,8 - 1.9 GHz 
band. One consequence from a location perspcaive is that the effective range of values for higher exponents is an increased at higher 
frequencies, thus providing improved granularity of ranging correlation. 

Environmental Clutter and RF Propagation Effects 

10 Aaual data colleaed in real-world environments uncovered huge variations with respect to the free space path loss 

equation, giving rise to the creation of many empirical formulas for radio signal coverage prediction. Clutter* either fwed or 
stationa^ in geometric relation to the propagation of the radio signals, causes a shadow effea of blocking that perturbs the free 
space loss effea. Perhaps the best known model set that charaaerizes the average path loss is Hata's, "Empirical formula for 
, Propagation Loss in Land Mobile Radio", M. Hata, IEEE Transaawns VT-29, pp. 317-325, August 1980, three pathtoss models, based 

15 on Okumura's measurements in and around Tokyo, "field Strength and its Variability in VHF and UHF Land Hobile Service", Y. 
Okumura, et al, Review of the Electrical Communications laborato^. Vol 1 6, pp 825-873, Sept. - Oct. 1 968. 

The typical urban Hata model for Lp was defined as Lp = Lho: 

20 

L^, = 69.55+26J6log(/)- 1 3.821og(A^ J- a(/i,,J + ((44.9- 6i5log(^^^ 

(Equation 4) 

where Lhu = path (qjj^ Hata urban 

''BS = base station antenna height 
^ni ^ mobile station antenna height 
d = distance BS-MS in km 



30 



IS a correction factor for small and medium sized cities, found to be: 
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1 log(/ - 0.7) V - 1.56 log(/ - 0.8) = a(Aj^ ) 



(Equation 5) 



for large cities the correaion factor was found to be: 



a(hj^s) = 3.2 [log 11.75h^]^- 4.97 



assuming f is equal to or greater than 400 mHz. 



The typical suburban model correaion was found to be: 



(Equation 6) 



-^4'^] ' (Equation?) 



(Equation S) 



TIm typical rural model modified the urban formula differently, as seen below: 



LHrun,] = >Hu - ^ '8 (log f) +1 8.331og f - 40.94 [dB] 

20 

Although the Hata model was found to bs useful forgerieraliied Rf wave prediction in frequencies under I GHi in certain 
suburban and rural settings, as either the frequency and/or clutter increased, predictabirny decreased. In current practice, however, 
field technicians often have to make a guess lor dense urban an suburban areas (applying whatever model seems best), then 
installing a base stations and begin taking manual measurements. Coverage problems can uke up to a year to resolve. 

Relating Received Signal Strength to Location 

Having previously established a relationship between d and P„. reference equation 2 above: d represents the distance 
between the mobile sution (MS) and the base station (BS); P„ represents the received power in free space) for a given set of 
unchanging emrironmental conditions, it may be possible to dynamically measure ?„ and then determine d. 

In 1991, UJ. Patent 5.055,851 to Sheffer uught that if three or more relationships have been established in a triangular 
space of three or more base sutions (BSs) with a location database constructed having data related to possible mobile station (MS) 
locations, then arculation calculations may be performed, which use three distinct P„ measurements to determine an X,Y, two 
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dimensional location; which can then be projected onto an area map. The triangulation calculation is based on the faa that the 
apprpxtmate distance of the mobile station (HS) from any base station (BS) cell can be calculated based on the received signal 
strength. Sheffer acknowledges that terrain variations affect accuracy, although as noted above, Sheffer's disclosure does not account 
for a sufficient number of variables, such as fixed and variable location shadow fading, which are typical in den» urban areas with 
5 moving traffic 

Most field research before about 1988 has focused on characterizing (with the objective of RF coverage prediction) the RF 
prop^ation channel (u^ electromagnetic radio waves) using a single-ray model, although standard fit errors in regressions proved 
dismal (e.g^ 40-80 dB). Later, multi-ray models were proposed, and much later, certain behaviors were studied with radio and 
digital channels. In 1981, Vogler proposed that radio waves at higher frequencies could be modeled using optics principles. In 1988 
10 WaKisch and Bertoni applied optical methods to develop a two-ray model, which when compared to certain highly specific, controlled 
field data, provided extremely good regression fit standard erron of within I J dB. 

In the Bertoni two ray model it was assumed that most cities would consist of a core of high-rise buildings surrounded by a 
much larger area having buildings of uniform height spread over regions comprising many square blocks, with street grids organizing 
buildings into rows that are neariy parallel. Rays penetrating buildings then emanating outside a building were negleaed. Fig. 2 
15 provides a basis for the variables. 

After a lengthy analysis it was concluded that path loss was a lunaion of three factors: (t) the path loss between antennas 
in free space; (2) the reduaion of rooftop wave fields due to settling; and (3) the effca of diffrattion of the rooftop fields down to 
ground tevel. The last two factors were summarily termed l^j^^ giy^,, tiy: 



20 L,;= 57,1 + ^ + log(/) + 7? - ((18 log(//))- 18log 1- 



R 



2 



IH 



(Equation 9) 



The influence of building geometry is contained in A: 

= Slog [(|) ^] - 91ogd + 20 log { tan [2 ( h - H^^) ] } 

25 (Equation 10) 

However, a subsuntial difficulty with the two-ray model in praaice is that it requires a substantial amount of data 
regarding building dimensions, geometries, street widths, anunna gain characteristics for every possible ray path, etc. Additionally, 
it requires an inordinate amount of computational resources and such a model is not easily updated or maintained. 

Unfortuiiitely, in practice clutter geometries and building heights are random. Horeover, data of sufficient detail has been 
30 extremely difficult to acquire, and regression standard fit errors are poor; Le., in the general case, these errors were found to be 40- 
60 dB. Thus the two-ray model approach, although sometimes providing an improvement over single ray techniques, still did not 
predia RF signal charaaeristiu in the general case to level of accuracy desired ( < lOdB). 
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Work by Greenstein has since developed from the penpeaive of measurement-based regression models, as opposed to the 
previous approach of predicting-first, then performing measurement comparisons. Apparently yielding to the fact that low-power, 
low antenna (e,g^ 12-25 feet above ground) height PCS microcell coverage was insufficient in urban buildings, Greenstein, et al, 
authored "Performance Evaluations for Urban Line-of-sight Microcells Using a Multi-ray Propagation Moder, in IEEE Globecom 
Proceedings, 12/91. This paper proposed the idea ol formulating regressions based on field measurements using small PCS microcells 
in a lineal microcell geometry (i.e,, geometries in which there is always a iine-of-sight (LOS) path between a subscriber's mobile and 
its current oiicrosite). 

Additionally, Greenstein studied the communication channels variable Bit-Error*Rate (BER) in a spatial domain, which was 
a departure from previous research that limited field measurements to the RF propagation channel signal strength alone. However, 
Greenstein based his finding on two suspicious assumptions: I) he assumed that distance correlation estimates were identical for 
uplink and downlink transmission paths; and 2) modulation techniques would be transparent in terms of improved distance 
correlation conclusions. Although some data held very correlations, other data and environments produced poor results. Accordingly, 
his results appear unreliable for use in general location context 

In 1 993 Greenstein, et al, authored "A Measurement-Based Model for Predidng Coverage Areas of Urban Microcells", jn 
the IEEE Journal On Seleaed Areas in Communications. Vol. 1 1 , No. 7, 9/93. Greenstein reported a generic measurement-based model 
of RF attenuation in terms of constant-value contours surrounding a given tew-power, low antenna microcell environment in a dense, 
rectilinear neighborhood, such as New York Qty. However, these contours were for the cellular frequency band. In this case, LOS and 
non-LOS clutter were considered for a given microcell site. A result of this analysis was that Rf propagation losses (or attenuations), 
when cell antenna heights were relatively low, provided attenuation contours resembling a spline plane curve depiaed as an asteroid, 
aligned with major street grid patterns. Further, Greenstein found that convex diamond-shaped RF propagation k)ss contours were a 
common occurrence in field measurements in a reailinear urban area. The special plane curve asteroid is represented by the formula 
4- y^ = r^. However, these results atone have not been sufficiently robust and general to accurately locate an MS, due to the 
variable nature of urban clutter spatial arrangements.. 

At Telesis Technology in 1994 Howard Xia, et al, authored "Hicrocellular Propagation Charaaeristia for Personal 
Communiations in Urban and Suburban Environments", in IEEE Transaaions of Vehicular Technology, Vol. 43, No. 3, 8/94, which 
performed measurements specifically in the PCS 18 to L9 GHz frequency band. Xia found corresponding but more variable outcome 
results in San Francisco, Oakland (urban) and the Sunset and Mission Districts (suburban). 

Summary of Factors Affecting RF Propagation 

The physial radio propagation channel perturbs signal strength, frequency (causing rate changes, phase delay, signal to 
noise ratios (e.g;, C/l for the analog case, or Eb/^ , RF energy per bit, over average noise density ratio for the digital case) and 
Doppler-shift. Signal strength is usually charaaerized by: 

•Free Space Path Loss (Lp) 
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-Slow fading loss or margin (L,)^) 
' fast fading loss or margin 

Loss due to slow fading includes shadowing due to clutter blockage (sometimes included in Lp). fast fading is composed of 
multipath reflections which cause: I) delay spread; 2) random phase shift or Rayleigh fading; and J) random frequency modulation 
due to different Doppler shifts on different paths. 

Summing the path loss and the two fading margin loss componenu from the above yields a total path loss of: 

^ " It>' + Ljkm kit 

Referring to Fig. 3, the figure illustrates key components of a typical cellular and PQ power budget design process. The cell designer 
increases the transmitted power ?n by the shadow fading margin l,^, which b usually chosen to be within the 1-2 percentile of the 
slow fading probability density function (POf) to minimize the probabifity of unsatisfartority low received power level Pg^ at the 
receiver. The P^ level must have enough signal to noise energy level (e.g., 10 dB) to overcome the receiver's internal noise level (e.g., 
-I l8dBm in the case of cellular 0.9 GHz), for a minimum voice quality standard. Thus in the example ?^ must never be below -IDS 
dBm» in order to maintain the quality standard. 

Additionally the short term fast signal fading due to multipath propagation is taken into account by deploying fast fading 
margin \^,, which is typically also chosen to be a few percentiles of the fast fading distribution. The I to 2 percentiles compliment 
other network blockage guidelines, for example the cell base station traffic loading capacity and network transport fadlities are 
usually designed for a I -2 percentile blockage factor as well. However, in the worst-case scenario both fading margins are 
simultaneously exceeded, thus causing a fading margin overload. 

In Roy . Steele's, text, Mobile Radio Communications. IEEE Press, 1992, estimates for a GSM system operating in the 1.8 
GHz band with a transmitter antenna height of 6.4m and an tIS receiver antenna height of 2m, and assumptions regarding total 
path loss, transmitter power would be calculated as follows: 
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Table I: GSH Power Budget Example 



Parameter 


dBm value 


Will require 


'•slow 


14 






7 




Upath 


110 




Hin. RX pwr required 


-104 








TX(wr = 27dBni 



Steele*s sample size in a specific urban London area of 80,000 LOS measurements and data reduction found a slow fading variance of 
a = 7dB 



assuming lognormal slow fading PDF and allowing for a IA% slow fading margin overload, thus 

slow = 2a = 14dB^ 
The fast fading margin was determined to be: 

In contrast. Xia*s measurements in urban and suburban California at 1.8 GHz uncovered flat-land shadow fades 
on the order of 25-30 dB when the nwbile station (MS) receiver was traveling from LOS to non-LOS geometries. In liilly terrain fades 
of + 5 to -50 dB wer« experienced. Thus it is evident that attempts to correlate signal strength with MS ranging distance suggest that 
error ranges could not be expeaed to improve below 14 dB, with a high side of 25 to 50 dB, Based on 20 to 40 dB per dead^ 
Corresponding error ranges for the dblance variable would then be on the order of 900 feet to several thousand feet, depending upon 
the particular environmental topology and the transmitter and receiver geometries. 
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SUMMARY Of THE INVENTION 



OBjEaSOFTHE INVENTION 



It is an objenive of the present invention to provide a system and method for to wireless telKommunication systems for 
aaurately toting people and/or objeas in a cost effective manner. Additionally, it is an objective of the present invention to provide 
such location apabilities using the measunments from wireless signals communicated between mobile stations and a network of base 
stations, wherein the same communication standard or protocol is utilized for bcation as is used by the network of base stations for 
providing wireless communications with mobile stations for other purposes such as voice communication and/or visual 
communication (such as text paging, graphical or video communicatkios). Related objectives for the present invention include 
providing a system and method that 

(1.1) can be readily incorporated into existing commercial wireless telephony systems with few, if any, modifications of a typical 
telephony wireless infrastruaure; 

(IJ) can use the native electronics of typical commercially available telephony wireless mobile stations (e.g., handsets) as 
loation devices; 

(iJ) can be used for effectively locating people and/or objects wherein there are few (if any) line-of-sight wireless receivers for 
receiving location signals from a mobile station (herein also denoted MS); 

(1.4) can be used not only for decreasing iKation determining difficulties due to multipath phenomena but in faa uses such 
multipath for providing more accurate location estimates; 

(1.5) can be used for integrating a wide variety of location techniques in a straight-forward manner; and 

(1.6) can substantially automatically adapt and/or (re)ttain and/or (re)calibiate itself according to changes in the environment 
and/or terrain of a geographical area where the present invention is utilised. 

Yet another objeaive is to provide a low cost loation system and method, adaptable to wireless telephony systems, for 
using simultaneously a plurality of location techniques for synergistically increasing MS location accuracy and consistency: In 
particular, at least some of the following MS location techniques an be utilized by various embodiments of the present invention: 
(2.1) time-of-arrival wireless signal processing techniques; 
(12) time-^lifference-of-anrival wireless signal processing techniques; 

(2J) adaptive wireless signal processing techniques having, lorexample, learning apabilities and including, for instance, 
artificial neural net and genetic algorithm processing; 

(2.4) signal processing techniques for matching H$ location signals with wireless signal characteristics of known areas; 
(2i) conflict resolution techniques for resolving conflicts in hypotheses for MS loation estimates; 
(2.6) enhancement of HS location estimates through the use of both heuristics and historial data associating MS wireless signal 
charaaeristics with known locations and/or environmental conditions. 
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Yet another objective is to provide loation estimates in terras of time veaors, which an be used to establish motion, 
speed, and an extrapolated next location in ases where the MS signal subsequently becomes unavaibble. 



DEFINITIONS 

The following deHnitions are provided for convenience. In general, the definitions here are also defined elsewhere in this 
document as well. 

(3.1) The term "wireless" herein is, in general, an abbreviation for "digital wireless", arid in particular, "wireless" refers to 
digital radio signaling using one of standard digital protocoh such as CDMA. HAMPS. AMPS. TOMA and GSM. as one skilled in the art 
will understand. 

(32) As used herein, the term "mobile station" (equivalently. MS) refers to a wireless device that is at least a transmitting 
device, and in most cases is also a wireless receiving device, such as a poruble radio telephony handset Note that in some contexts 
herein instead or in addition to MS, the following terms are also used: "personal station" (PS), and "loation unit" (LU). In general, 
these terms may be considered synonymous. However, the later two terms may be used when referring to reduced funaionality 
communication devices in comparison to a typical digital wireless mobile telephone. 

(33) The term, "infiastruaure". denotes the network of telephony communication services, and more particularly, that portkin 
of such a network that receives and processes wireless communications with wireless mobile stations. In particular, this infrastructure 
includes telephony wireless base stations (BS) such as those for radio mobile communication systems based on COMA, AMPS, NAMPS. 
TDMA, and GSM wherein the base stations provide a networic of cooperative communicatKin channels with an air interface with the 
MS, and a conventional telecommunications interface with a Mobile Switch Center (MSQ. Thus, an MS user within an area serviced by 
the base stations may be provkied with wireless communication throughout the area by user transparent communication transfers 
(le., "handoffs") between the user's MS and these base stations in order to maintain effective telephony service. The mobile switch 
center (MSC) provides communications and control connectivity among base stations and the public telephone network. 

p.4) The phrase, "composite wireless signal characteristic values" denotes the result of aggregating and filtering a colleaion of 
measurements of wireless signal samples, wherein these samples are obtained from the wireless communication between an MS to be 
located and the base station infrastructure (e.g.. a plurality of networked base stations). However^other phrases are also used herein 
to denote this colleaion of derived characteristic values depemiing on the context and the likely orientation of the reader, for 
example, when viewing these values from a wireless signal processing perspective of radio engineering, as in the descriptions of the 
subsequent Detailed Description sectrons concerned witb.the aspects of the present invention for receiving MS signal measurements 
from the base station infrastruaure, the phrase typically used b: "Rf signal measurements": Alternatively, from a data processing 
perspeaive, the phrases: "location signature cluster" and "location signal data" are used to describe signal characteristic values 
between the MS and the plurality of infrastructure base stations substantially simultaneously detecting MS transmissions. Moreover, 
since the loation communicatiom between an MS and the base station infrastructure typially include simultaneous communiations 
with more than one base station, a related useful notion is that ol a "loation signature" which is the composite wireless signal 
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characieriuic values for signal jampksj between an MS to be located and a single base station. Also, in some contexts, the phrases: 
"signal characteristic values" or "signal charaaeristic data" are used when either or both a location jignature(s) and/or a location 
signature cluster(s) are intended. 

SUMMARY DISCUSSION 

The prBsent invention relates to a wireless mobile station location system. In particular, such a wireless mobile station 
location system may be decomposed into: (i) a first low level wireless signal processing subsystem for receiving, organizing and 
conditioning low level wireless sigrmi measurements from a network of base stations cooperatively linked for providing wireless 
tnmmunications with mobile stations (MSs); and (ii) a second high level signal processing subsystem for performing high level data 
processing for providing most likelihood tocation estimates for mobile stations. 

More precisely, the present invention is a novel signal processor that includes at least the (unaionality for the high signal 
processing subsystem mentioned hereinabove. Accordingly, assuming an appropriate ensemble of wireless signal measurements 
charaaerizing the wireless signal communications between a particular MS and a networked wireless base station infrastructure have 
been received and appropriately filtered of noise and transitory values (such as by an embodiment of the tow level signal processing 
subsystem disclosed in a copending PQ patent appliation titled. "Wireless Location Using A Plurality of Qimmerciai Network 
Infrastruaures." by f . W. LeBlanc. and the present applicant{s); this copending patent application being herein incorporated by 
reference), the present invention uses the output from such a low level signal processing system for determining a most likely location 
estimate of an MS. 

That is, once the following steps are appropriately performed (e.g., by the LeBlanc copending application): 

(4.1) receiving signal data measurements corresponding to wireless communicatwns between an MS to be located 
(herein also denoted the "target MS") and a wireless telephony infrastructure; 

(U) organizing and processing the signal data measurements received from a given target MS and surrounding BSs so 
that composite wireless signal characteristic values may be obtained from which target MS tocation estimates may 
be subsequently derived. In particular, the signal data measurements are ensembles of samples from the wireless 
signals received from the target MS by the base sution infrastruaure. wherein these samples are subsequently 
filtered using analog and digital spectral filtering, 
the present invention accomplishes the objeaives mentioned above by the following steps: 

(43) providing the composite signal characteristic values to one or more MS location hypothesizing computational 
models (also denoted herein as "first order models" and also "location estimating models"), wherein each such 
model subsequently determines one or more initial estimates of the location of the target MS based on, for 
example, the signal processing techniques 2.1 through 2J above. Moreover, each of the models output MS location 
estimates having substantially identical data struaures (each such data struaure denoted a "location 
hypothesis"). Additionally, each location hypothesis may also includes a confidence value indicating the likelihood 

12 
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or probability that the ta^et MS whoie loation is desired residej in a orresponding locatbn estimate for the 
target NS; 

(4.4) adjusting or modifying location hypotheses output by the models according to, for example, 2.4 through 2.6 above 
so that the adjusted location hypotheses provide better target MS loatnn estimates. In particular, such 
adjustments are performed on both the target MS loation estimates of the location hypotheses as well as their 
comsponding confidences; and 

(4.4) subsequently computing a "most Hkely" target MS bcation estimate for outputting to a loation requesting 
application such as 91 1 emergency, the fire or police departments, taxi services, etc. Note that in computing the 
most likely target US loation estimate a plurali^of loation hypotheses may be taken into account. In fart, it is 
an important aspect of the present imrention that the most Gkely HS location estimate is determined by 
computationally forming a composite MS loation estimate utilizing such a plurality of location hypotheses so that, 
for example, loation estimate similarities between loation hypotheses can be effectively utilized. 

Referring now to (4J) above, the filtered ami aggregated wireless signal characteristic values are provided to a number of 
loation hypothesizing models (denoted first Order Models, or FOMs), each of which yields a loation estimate or loation hypothesis ' 
related to the loation of the target H$. In particular, there are loation hypotheses for both providing estimates of where the target 
MS likely to be and where the target MS is not likely to be. Moreover, it is an aspect of the present inventbn that confidence values of 
the loation hypotheses are provided as a continuous range of real numbers from, e.g., -I to I. wherein the most unlikely areas for • 
footing the target MS are gnren a confidence value of -1. and the most likely areas for locating the target MS are given a confidence 
value of I. That is, confidence values that are jarger indiate a higher likelihood that the target MS is in the corresponding MS 
estimated area, wherein I indiates that the target MS is absolutely HOT in the estimated area, 0 indiates a substantially neutral or 
unknown likelihood of the urget MS being in the corresponding estimated area, and I indiates that the urget MS is absolutely 
within the corresponding estimated area. 

Referring to (4.4) above, it is an aspen of the presem invention to provide loation hypothesis enhancing and evaluation 
techniques that an adjust target MS loation estimates according to historial HS loation data and/or adjust the confidence values 
of loation hypotheses according to how consistent the corresponding target MS toation estimate is: (a) with historial MS signal 
charaoeristic values, (b) with various physial constraints, and (c) with various heuristics. In particular, the following apabiEties 
are provided by the present invention: 

(5.1) a apability for enhancing the accuracy of an initial tootion hypothesis, H. generated by a fim order model. FOH„, 
by using H as. essentially, a query or index into an historial dau base (denoted herein as the loation signature 
data base), wherein this dab base includes: (a) a plurality of previously obtained location signature clusters (i.e., 
composite wireless signal charaneristic values) such that for each such cluster there is an associated actual or 
verified MS loutions where an HS communiated with the base station infrastruaure for looting the HS, and (b) 

13 
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previous MJ location hypothesis estimates from f OMh derived from each of the location signature clusten stored 
aaording to (a); 

(52) a capability for analyzing composite signal characteristic values of wireless communications between the target MS 
and the base station infrastructure; wherein such values are compared with composite signal charaaeristics values 

. of known MS loations (these latter values being archived in the location signature data base). In one instance, the 
composite signal chararteristic values used to generate various location hypotheses for the target MS are compared 
against wireless sigmtl data of known HS locations stored in the location signature data base for determining the 
reliability of the location hypothesizing models for particular geographic areas and/or environmental conditions; 

(53) a capability for reasoning about the likeliness of a location hypothesis wherein this reasoning capability uses 
heuristics and constrainu based on physics and physical properties of the location geograp^^ 

(5.4) an hypothesis generating apability lor generating new location hypotheses from previous hypotheses. 

As also mentioned above in (2 J)» the present invention utilizes adaptive signal processing techniques. One particularly 
important utilization of such techniques includes the automatic tuning of the present invention so that» e.g., such tuning an be 
applied to adjusting the values of location processing system parameten that affert the processing periormed by the present 
invention. For example, such system parameters as those used for determining the size of a geographical area to be specified when 
retrieving location signal data of known MS tocations from the historical (location signature) data base can substantially affect the 
loQtion processing. In particular, a system parameter specifying a minimum size for such a geographical area may, if too large, 
cause unnecessary inaccuracies in locating an HS. Accordingly, to accomplish a tuning of such system parameters, an adaptation 
engine is included in the present invention for automatically adjusting or tuning parameten used by the present invention. Note that 
in one embodiment, the adaptation engine is based on genetic algorithm techniques. 

A novel ajpea of the present invemion relies on the discovery that in many areas where MS location services are desired, 
the wireless signal measurements obtained from communications between the target HS and the base station infrastruaure are 
extensive enough to provide sufficiently unique or peculiar values so that the pattern of values alone may identify the location of the 
target HS. Further, assuming a sufficient amount of such location identifying pattern information is captured in the composite 
wireless signal chararteristic values for a target MS, and that there is a technique lor matching such wireless signal patterns to 
geographical tocations, then a FOM based on this technique may generate a reasonably accurate Urget HS location estimate. 
Horeover, if the present invention (e.g.. the tocation signature data base) has captured sufficient wireless signal data from location 
communications between MSs and the base station inf rastrurture wherein the locations of the MSs are also verified and captured, then 
this captured data (e.g., location signatures) can be used to train or calibrate such models to associate the location of a target MS 
with the distinrtive signal characteristics between the target HS and one or more base stations. Accordingly, the present invention 
includes one or more FOMs that may be generally denoted as classification models wherein such FOMs are trained or calibrated to 
associate particular composite wireless signal characteristic values with a geographical location where a target HS could likely 
generate the wireless signal samples from which the composite wireless signal chararteristic values are derived, further, the present 
invention includes the capability for training (calibrating) and retraining (recalibrating) such classification FOMs to automatically 
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maintain the accuracy of these models even though substantial changes to the radio coverage area may occur, such as the 
construaion of a new high rise building or seasonal variations (due to, for example, foliage variations). 

Note that such classification FOMs that are trained or calibrated to identify target MS loations by the wireless signal 
patterns produced constitute a particularly novel aspect of the present inventbn. It is well known in the wireless telephony art that 
5 the phenomenon of signal multipath and shadow fading renden most analytical location compuutional techniques such as time-of- 
arrival (TOA) or time-difference-of-arrival (TDOA) substantally useless in urban areas and particularly in dense urban areas. 
However, this same multipath phenomenon also may produce substantially distinct or peculiar signal measurement patterns, wherein 
such a pattern coincides with a relatively smalt geographical area. Thus, the present invention utilizes multipath as an advantage for 
increasing accuracy where for previous loQtion systems multipath has been a source of substantial inaccuracies. Moreover, it is 

10 worthwhile to note that the utilization of classification FOMs in high multipath environments is especially advantageous in that high 
multipath environments are typially densely populated. Thus, since such environmems are also capable of yielding a greater density 
of MS location signal data from HSs whose aaual locations can be obtained, there an be a substantial amount of training or 
calibration data captured by the present invention for training or calibrating such classification FOMs and lor progressively improving 
the MS location accuracy of such models. Moreover, since it is also a related aspea of the present invention to include a plurality 

15 stationary, low cost, low power "location detection base stations" (LBS), each having both restriaed range MS deteaion capabilities r 
and a built-in MS, a grid of such LBSs can be utilized for providing location signal data (from the built-in MS) for (re)training or ^ 
(re)calibrating such classification FOMs. 

In one embodiment of the present invention, one or more classification FOMs may each include a learning module such as 
an artificial neural network (ANN) for associating target MS location signal data with a target MS location estimate. Additionally, : - 

20 one or more classification f Oils may be statistical prediction imnlels based on such statistical techniques as, for example, principle '-^^ 
decomposition, partial least squares, or other regression techniques. 

It is a further aspect of the present invention that the personal communiation system (PCS) infrastruaures currently 
being developed by telecommunication providers offer an appropriate localized infrastructure base upon which to build various 
penonal location systems (PLS) employing the present imrention and/or utilizing the techniques disclosed herein. In particular, the 

25 present invention is especially suitable for the location of people and/or objeas using code division multiple access (CDMA) wireless 
infrastruaures, although other wireless infrastructures, such as, time division multiple access (TDHA) infrastructures and GSM are 
also contemplated. Mote that CDMA personal communications systems are described in the Telephone Industries Association standard 
IS-9S, for frequencies below I GHz. and in the Wideband Spread- Spectrum Digital Cellular System Dual-Mode Mobile Station-Base 
Station Compatibility Standard, for frequencies in the 1.8-1.9 GHz frequency bands, both of which are incorporated herein by 

30 reference. Furthermore, CDMA general principles have also been described, for example, in U. S. Patent S.I09390, to Gilhausen, et al. 
and CDMA Network Engineering Handbook by Qualcomm. Inc., each of which is also incorporated herein by reference. 

Notwithstanding the above mentioned CDMA references, a brief introduction of CDMA is given here. Briefly. CDMA is an 
elearomagnetic signal modulation and multiple access scheme based on spread spearum communication. Each CDMA signal 
corresponds to an unambiguous pseudorandom binary sequence for modulating the carrier signal throughout a predetermined 

15 
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speorum of bandwidth frequenciej. Traiumiaions of individual CDHA signab are selected by correlation proceoing of a pseudonoise 
waveform. In particular, the CDMA signals are separately detected in a receiver by using a correlator, which accepts only signal 
energy from the selected bina^ sequence and despreads its spectrum. Thus, when a fint CDHA signal is transmitted, the 
transmissions of unrelated COMA signab correspond to pseudorandom sequences that do not match the lint signal. Therefore, these 
other signals contribute only to the noise and represent a self-interference generated by the penonal communiations system. 

As mentioned in (1.7) and in the discussion of classifiation FOHsabove, the present invention can substantially 
automatically retrain and/or recalibrate itself to compensate for variations in wireless signal characteristics (e.g., multipath) due to 
environmental and/or topographic changes to a geographic area seiviced by the presem invention, for example, in one embodiment, 
the present invention optionally includes low cost, low power base stations, denoted location base sutions (IBS) above, providing, for 
example, CDMA pilot channels to a ve7 limited area about each such LBS. The location base stations may provide limited voice trafft 
capabilities, but each is capable of gathering sufficient wireless sigmil characteristics from an MS within the location base station's ^ 
range to facilitate locating the MS. Thus, by positioning the location base stations at known locations in a geographic region such as, 
for instance, on street lamp poles and road signs, additional MS location accuracy can be obtained. That is. due to the low power 
signal output by such loation base stations, for there to be signaling comrol communication (e.g.. pilot signaling and other control 
signals) betweeii a location base station and a terget MS. the MS must be relatively near the location base sution. Additionally, for 
each location base station not in communication with the target MS. it is likely that the MS is not near to this location base station. 
Thus, by utilizing information received from both location base stations in communication with the target MS and those that are not 
in communication with the target MS, the present invention can substantially narrow the possible geographic areas within which the 
target MS is likely to be. further, by providing each location base station (LBS) with a co-located stationary wireless transceiver 
(denoted a built-in MS above) having similar funaionality to an MS. the following advanbges are provided: 
(6.1) assuming that the co-located base station capabilities and the stationa7 transceiver of an IBS are such that the base 
station capabilities and the stationa^ transceiver communicate with one another, the stationary transceiver can be signaled by 
another component(s) of the present invention to aaivate or deaoivate its associated base station capability, thereby conserving 
power for the LBS that operate on a restricted power such as solar electrical power; 

(6 J) the stationa^ transceiver of an LBS can be used for transferring target MS location information obtained by the LBS to a 
conventional telephony base station; 

(63) since the location of each LBS Is known and can be used in location processing, the present inventwn is able to (re)train 
ami/or (re)calibrate itself in geographical areas having such LBSs. That is. by activating each LBS stationary transceiver so that there 
is signal communication between the stationaiy transceiver ami surrounding base stations within range, wireless signal charanerbtic 
values for the location of the stationary transceiver are obtained for each such base station. Accordingly, such characteristic values 
can then be associated with the known kication of the stationary transceiver for training and/or calibrating various of the location 
processing modules of the present invention such as the classification FOMs discussed above. In particular, such training and/or 
calibrating may include: 

(i) (re)training and/or (re)calibratingfOMs; 

16 
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(ii) adjusting tlie confidence value initially assigned to a location hypothesis according to how accurate 
the generating FOH is in estimating the loation of the stationary transceiver using data obtained from wireless signal characteristia 
of signals between the stationary transceiver and base stations with which the stationary transceiver is capable of communicating; 

(iii) automatically updating the previously mentioned historical data base (Le^ the location signature 
data base), wherein the stored signal cliaracteristic data for each itatidnaiy transceiver can be used for detecting environmental 
and/or topographical changes (e.g,, a newly built high rise or other stniaures capable of altering the multipath characteristics of a 
given geographical area); and 

(iv) tuning of the location system parameters, wherein the steps of: (a) modifying various system 
parameten and (b) terting the performance of the modified location system on verified mobile station location data (including the 
sutbna^ transceiver signal charaaeristic data), these steps being interleaved and repeatedly performed for obuining better system 
location accuracy within useful time constraints. 

It is also an aspert of the present invention to automatically (re)calibrate as in (63) above with signal characteristics from 
other known or verified locations. In one embodiment of the present invention, portable location verifying electronics are provided so! 
that when such elertronics are sufficiently near a located target MS. the elertronia: (I) detea the proximity of the target MS; (ii) 
determine a highly reliable measurement of the location of the target MS; (iii) provide this measurement to other location 
determining components of the present invention so that the location measurement can be associated and archived with related 
signal charaaeristic data received from the target MS at the tocation where the kjcation measurement is performed. Thus, the use of 
such portable location verifying electronics allows the present invention to capture and utilize signal charaaeristic data from verified, 
substantally random locations for location system calibration as in (6 J) above. Moreover, it is important to note that such location 
verifying elearonics can verify locations automatically wherein It is unnecessary for manual aaivation of a location verifying process. 

One embodiment of the present invention includes the location verifying electronics as a "mobile (location) base station" 
(MBS) that can be, for example, incorporated into a vehicle, such as an ambulance, police car, or taxi. Such a vehicle can travel to 
sites having a transmitting urget MS, wherein such sites may be randomly located and the signal charaaeristic data from the 
transmitting target MS at such a location can consequently be archived with a verified location measurement performed at the site by 
the mobile location base station. Moreover, it is important to note that such a mobile location base station as its name implies also 
includes base station elearonics for communicating with mobile stotions, though not necessarily in the manner of a conventional 
infrastnirture base station. In particular, a mobile location base station may only monitor signal charaaeristics, such as MS signal 
strength, from a target MS without transmitting signals to the target MS. Alternatively, a mobile location base station can 
periodically be in bi-direaional communication with a target MS for determining a signal time-of-arrival (or time-difference-of- 
arrival) measurement between the mobile location base station and the target MS. Additionally, each such mobile location base 
station includes componenu for estimating the location of the mobile location base station, such mobile location base station loation 
estimates being imporunt when the mobile location base sution is used for looting a target MS via, for example, time-of-arrivai or 
time-difference-of-arrival measurements as one skilled in the art will appreciate. In particular, a mobile location base station can 
include: 

17 
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(7.1) a mobile station (HS) for both communicating with other components of the present invention (such as a location 
processing center included in the present inventbn); 

(12) a GPS receiver for determining a locatbn of the mobile location base station; 

(7J) a g/roW|]« and other dead reckoning devices; and 

(7.4) devices for operator manual entry of a mobile loation base station location. 

Furthermore, a mobile location base station includes modules for integrating or reconciling distina mobile location base 
station location estimates that, for example, can be obtained using the components and devices of (7.1) through (7.4) above. That is, 
location estimates for the mobile location base station my be obtained from: GPS satellite data, mobile location base station data 
provided by the lowtion processing center, dead reckoning data obtained from the mobile k)cation base station vehicle dead 
reckoning devices, and location data manually input by an operator of the mobile location base station. 

The location estimating system of the present invention offers many advantages over existing location systemv. 
The system of the present invention, for example, is readily adaptable to existing wireless communication systems and can accurately 
locate people and/or objecu in a cost effective manner. In particular, the present invention requires few, if any. modifications to 
commercial wireless communiation systems for implementation. Thus, existing personal communication system infrastructure base 
stations and other components of. for example, commercial CDMA infrastruaures are readily adapted to the present invention. The 
present invention can be used to hscate people and/or objeas that ane not in the line-of-sight of a wireless receiver or transmitter, 
can reduce the detrimental effects of multipath on the accuracy of the location estimate, an potentially locate people and/or objecu 
located indoors as well as outdoors, and uses a number of wireless $utiona7 transceivers for location. The present invention employs 
a number of distinaty different location computational models for location which provides a greater degree of accuracy, robustness 
and versatility than is possible with existing systems. For instance, the loation models provkled include not only the radius- 
radius/IOA and TDOA techniques but also adaptive artificial neural net techniques. Further, the present imrention |s able to adapt to 
the topography of an area in which location service is desired. Jhe present invention is also able to adapt to environmental changes 
substantially as frequcntiy as desired. Thus, the present invention is able to take into account changes in the location topography 
over time without extensive manual data manipulation. Moreover, the present invention an be utilized with varying amounts of 
signal measurement inputs. Thus, if a loation estimate is desired in a very short time interval (e.g., less than approximately one to 
two seconds), then tiie present loation estimating system can be used with only as much signal measurement data as is possible to 
acquire during an initial portion of this time interval. Subsequently, after a grwter amount of signal measurement data has been 
acquired, additional more accurate loation estimates may be obtained. Note that this capability can be useful in the context of 91 1 
emergency response in that a first quick course wireless mobile station loation estimate can be used to route a 91 1 all from the 
mobile station to a 911 emergency response center that has responsibility for the area containing the mobile station and the 91 1 
aller. Subsequently, once the 911 all has been routed according to this first quick loation estimate, by continuing to receive 
additional wireless signal measurements, more reliable and accurate loation estimates of the mobile station can be obtained. 

Moreover, there are numerous additional advantages of the system of the present invention when applied in COMA 
communiation systems. The loation system of the present invention readily belief its from the distinct advantages of the CDMA 
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spread jpeorum scheme, namely, these advantages include the exploitation of radio frequency spearal efficiency and isolation by (a) 
monitoring voice activity, (b) management of two-way power control, (c) provisioning of advanced variable-rate modems and error 
correcting signal encoding, (d) inherent resisunce to fading, (e) enhanced privacy, and (f) multiple "rake" digital data receivers and 
searcher receivers for correlation of signal multipaths, 
5 At a more general level, it b an aspect of the present invention to demonstrate the utilization of various novel 

computational paradigms such as: 

(8.1) providing a multiple hypothesis computational architeaure (as illustrated best in Fig. 8) wherein the hypotheses are: 

(8JJ) generated by modular independent hypothesizing computational modek; 

(8.1 J) the models are embedded in the computational architeaure in a manner wherein the architeaure allows for 
10 substantial amounts of appliation specific processing common or generic to a plurality of the models to be straightforwardly 
incorporated into the computational architeaure; 

(8.1 3) the computational architeaure enhances the hypotheses generated by the models both according to past 
performance of the models and according to application specific constraints and heuristics without requiring feedback loops for 
adjusting the models; 

15 (8.1.4) the modeb are relatively easily integrated into, modified and cxtraaed from the computational architeaure; 

(82) providing a computational paradigm for enhancing an initial estimated solution to a problem by using this initial 
estimated solution as, effeaively, a query or index into an historical data base of previous solution estimates and corresponding 
aaual solutions for deriving an enhanced solution estimate based on past performance of the module that generated the initial ■ 
estimated solution. 

20 Note that the multiple hypothesis architeaure provided herein is useful in implementing solutions in a wide range of 

applications. For example, the folfowing additional applications are within the scope of the present invention: 
(9.1) document scanniiig applications for transforming physical documents in to elearanic forms of the documents. Note that in 
many cases the scanning of certain documents (books, publications, etc.) may have a 20% charaaer recognition error rate. Thus, 
the novel computation architeaure of the present invention can be utilized by (I) providing a plurality of document scanning models 

25 as the first order models, (ii) buiMing a charaaer recognition dau base for archiving a correspondence between charaaeristia of 
aaual printed charaaer variations and the intended charaaers (according to. for example, font types), and additionally archiving a 
correspondence of performance of each of the models on previously encountered aaual printed character variations (note, this is 
analogous to the Signature Data Base of the MS location appHcatiqn described herein), and (iii) determining any generic constraints 
and/or heuristics that are desirable to be satisfied by a plurali^ of the models. Accordingly, by comparing outputs from the first 

30 order document scanning models, a determination can be made as to whether further processing is desirable due to. for example, 
discrepancies between the output of the models. If further processing is desirable, then an embodiment of the multiple hypothesis 
architeaure provided herein may be utilized to correa such discrepandes. Note that in comparing outputs from the first order 
document scanning models, these outputs may be compared at various granularities; e.g.. charaaer. sentence, paragraph or page; 
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(92) diagnosb and monitoring applicationjjudias medical diagi»ji$/monitoring,comm 
diagnoiis/monitoring; 

(9J) nibotiaappliations such as xeneand/ordbject recognition: 

(9.4) jeismic and/or geologic signal protesjing applications such as for ioatingoil and gas deposits; 

(9.5) Additwnally, note that this architeaure need not have alt modules co-located. |n particular, it is an additional aspea of 
the present invention that various modules an be remotely located from one another and communicate with one another via 
telecommunication transmissions such as teiephonir technologies and/or the Internet Accordingly, the present imrention is 
particularly adaptable to such distributed computing environments. For example, some number of the first order models may reside 
in remote locations and communicate their generated hypotheses via the Internet. 

For instance, in weather prediaion applications it is not uncommon for computational models to require large amounts of 
computational resources. Thus, such models running at various remote computational facifities can transfer weather prediction 
hypotheses (e.g.. the likely path of a hurricamj) to a site that performs hypothesis adjustmena according to: (i) past performance of 
the each model; (ii) particular constraints and/or heuristia, and subsequently outputs a most likely estimate for a particular weather 
condition. 

In an alternative embodiment of the present invention, the processing following the generation of location hypotheses 
(each having an initial location estimate) by the first order models may be sudi that this processing an be provided on Internet user ' 
nodes and the first order models may reside at Internet server sites. In this configuration, an Internet user may request hypotheses 
from such remote fim order models and perform the remaining processing at his/her node. 

In other embodiments of the present invention, a fast, abeit less accurate loation estimate may be initially performed for • 
ve7 time critiral loation applications where approximate teation information may be required. For example, less than I second ' 
response for a mobile sation loation embodiment of the present invention may be desired for 91 1 emergency response loation 
requests. Subsequently, once a relatively course loatbn estimate has been provided, a more accurate most likely location estinrate 
an be performed by repeating the location estimation processing a second time with, e.g.. additional with measurements of wireless 
signals transmitted between a mobile station to be looted and a network of base stations with which the mobile sution is 
25 communiating, thus providing a second, more accurate loation estimate of the mobik station. 

Additionally, note that it is'within the scope of the present invention to provide one or more central location development 
sites that may be networked to, for example, geographially dispersed loation centen providing loation services according to the 
present invention, wherein the FOHs may be accessed, substituted, enhanced or removed dynamically via networft conneaions (via, 
e.g, the Internet) with a central bation devetopment site. Thus, a small but rapidly growing municipality in substantially flat low 
density area might initially be provided with access to. for example, two or three FOMs for generating loation hypotheses in the 
municipality's relatively uncluttered radio signaling environment. However, as the population density increases and the radio 
signaling environment becomes cluttered by, for example, thermal noise and multipath, additional or alternative FOHs may be 
transferred via the network to the location center for the municipality. 
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Note that in some embodimenu o( the present invention, since there a lack of sequencing between the FOMs and 
subsequent processing of location hypotheses, the FOHs can be incorporated into an expert system, if desired. For example, each FOM 
may be aaivated from an antecedent of an expert system rule. Thus, the antecedent for such a rule can evaluate to TRUE if the FOM 
outputs a location hypothesis, and the consequent portion of such a rule may put the output location hypothesis on a list of loution 

5 hypotheses occurring in a particular time window for subsequent processing by the loation center. Alternatively, aaivation of the 
FOMs may be in the consequents of such expert system rubs. That is, the antecedent of such an expert system rule may determine if 
the conditions are appropriate for invoiung the FOM(s) in the rule*s consequent. 

Of coune, other software architectures may also to used in implementing the processing of the location center without 
departing from scope of the present invention. In particular, objea-oriented architeaures are also within the scope of the present 

10 invention. For example, the FOMs maybe object methods on an MS loation estimator object, wherein the estimator object receives 
substantially all target MS location signal data output by the signal filtering subsystem. Alternatively, software bus architectures are 
contemplated by the present invention, as one skilled in the art will understand, wherein the software architeaure may be modular 
and facilitate parallel processing. Further features and advantages of the present invention are provided by the figures and detailed ^ 
description accompanying this invention summa^. 
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BRIEF DEJCRIPTION OF THE DRAWINGS 

Fig. I illustratej various perjpeaivex of radio propagation opportunitres which may be considered in addressing correlation 
with mobile to base, station ranging. 

Fig. 2 shows aspects of the two-ray radio propagation model and the effects of urban clutter. 
5 Fig. 3 provides a typical example of how the statistical power budget is calculated in design of a Commercial Mobile Radio 

Service Provider network. 

fig. 4 illustrates an overall view of a wireless radio location network architecture, based on AIN principles. 
Fig. 5 is a high level block diagram of an embodiment of the present invention for beating a mobile station (MS) within a 
radio coverage area for the present invention. 
10 Fig. 6 is a high level block diagram of the location center 142. 

Fig. 7 is a high level block diagram of the hypothesis evaluator for the tocation center. 
Fig. 8 is a substantially comprehensive high level block diagram illustrating data and control f tows between the 
components of the tocatidn center, as well the functionality of the components. 

fig. 9 is a high level data struaure diagram describing the fields of a location hypothesis objea generated by the fint 
15 order models 1224 of the loation center. 

Fig. 10 is a graphical illustration of the computation performed by the most likelihood estimator 1344 of the hypothesis 

evaluator. 

Fig, II is a high level block diagram of the mobile base station (HBS). 

Fig. 12 is a high level state transition diagram describing computational states the Mobile Base station enters during 

20 operation. 

Fig. 13 is a high level diagram illustrating the data strurtural organization of the Mobile Base station capability for 
autonomous^ determining a most likely MBS location from a plurality of potentially confliaing HBS location estimating sources. 

Fig. 14 shows one method of modeling COMA delay spread measurement ensembles and interfacing such signals to a typical 
artificial neural network based FOM. 

25 fig. IS illustrates the nature of RF "Dead lones" , notch area, and the importance of including tocation data signatures 

from the back side of radiating elements. 

Figs. 16a through 16c present a ubie providing a brief description of the attributes of the locatton signature data type 
stored in the tocation signature data base 1320. 

figs. 17a through 17c present a high level flowchart of the steps performed by function, "UPDATE JOCJIG DB," for 
30 updating tocation signatures in the tocacton signature data base 1320; note, this flowchart corresponds to the description of this 
function in APPENDIX C. 
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Fig$. 18a through 18b ptcjtnt a high level flowchart of the steps performed by function, "REDUCE BAD DB LOC $IG$," 
for updating location signatures in the ioation signature data base 1320; note, this flowchart corresponds to the description of this 
function in APPENDIX L 

figs. 19a through 19b present a high level flowchart of the steps performed by function, 
-INCREASEJONf IDENCE_OFJOOD_0B_LOC_SIG$." for updating location signatures in the location signature data base 1320; 
note, this flowchart corresponds to the description of this function in APPENDIX C. 

figs. 20a through 2IM present a high level flowchart of the steps performed by functbn, 
"DETERHINEJOaTIONJIGNATUREJITJIlRORS," for updating Ioation signatures in the location signature data base 1320; 
note, this flowchart corresponds to the description of tlin f unaion in APPENDIX C 

Fig. 21 presents a high level flowchart of the steps performed by function, "ESTIHATE lOCJIG f ROH DB," for updating 
location signatures in the location signature data base 1320; note, this flowchart correspomis to the description of tfiis funaion in 
APPENDIX C 

Figs. 22a through 22b present a high level flowchart of the steps performed by function. "GET_AREA_TO_$EARCH." for 
updating location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this " 
funttion in APPENDIX C 

Figs. 23a through 23b present a h^h level ftawchart of the steps performed by function, 
"6ET_DIFFERENCE_MEA$UREMENT," for updating location signatures in the location signature data base 1320; note, this flowchart 
corresponds to the description of this function in APPENDIXC' 

fig. 24 is a high level illustration of context adjuster data stnictures and their relationship to the radio coverage area for 
the present invention; 

Figs. 25a through 2Sb present a high level flowchart of the steps performed by the funaion, "CONTEXTJDJUSTER," used 
in the context adjuster 1326 for adjusting mobile station estimates provided by the fini order models 1224; this Ilowchart 
corresponds to the description of this function in APPENDIX D. 

Figs. 26a through 26c present a high level flowclart of the steps performed by the function, 
-GET_ADjUSTED_lOCJYP_LIST_FOR," used in the context adjuster 1326 for adjusring mobile sutioii estimates provided by the 
first order models 1224; this flowchart corresponds to.the description of this function in APPENDIX D. 

Figs. 27a through 27b present a high level flowchart of the steps perfonned by the function. "CONFIDENCE_ADJU$TER," 
used in the context adjuster 1326 lor adjusting mobile station estimates provided by the first order models 1 224; this flowchart 
corresponds to the descriptbn of this function in APPENDIX D. 

Fig. 28a and 28b presenu a high tevel flowchart of the steps performed by the function, 

"GETJOMPO$JT£JR£0iai0N_HAPP£D_CLUSTERJENS!TY." used in the comexi adjuster 1326 for adjusting mobile su 
ertimates provided by the first order models 1224; this flowchart cortesponds to the description of this function in APPENDIX D. 
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Figs. 29a through 29h present a high level flowchart of the steps performed by the funaion, 
-GET_PREDiniON_HAPPED_CLUSTER_OEN$in JOR; used ia the context adjuster 1326 for adjusting mobile station estimates 
provided by the first order nrodels 1224; this flowchart corresponds to the description of this funaion in APPENDIX D. 

Fig. 30 illustrates the prima^ componenu of the signal processing subsystem. 

Fig. 31 illustrates how automatic provisioning of mobile station information from multiple CMRS occura. 
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Detailed Description Introduction 

Various digital wireless communication standards tiave been introduced such as Advanced Mobile Phone Service (AMPS), Narrowband 
Advanced Mobile Phone Service (HAMPS), code division multiple access (CDMA) and Time Division Multiple Access (TDMA) (e.g., 
Global Systems Mobile (GSM). These standards provide numerous enhanaments for advancing the quality and communiation 
capacity for wirelesi applications. Referring to CDMA, this standard is described In the Telephone industries Association standard IS- 
95. for frequencies below I GHi, and in J-STD-008, the Wideband Spread-Spectrum Digital Cellular System Dual-Mode Mobile 
Station-Base station Compatibility Standard, for frequencies in the 1.8 - 1.9 GHz frequency bands. Addrtionaliy. CDMA general 
principles have been described, for example, in Ui. Patent 5.109390, Diversity Receiver in a CDMA Cellular Telephone System by 
Gllhousen. There are numerous advanu^es of such digital wireless technologies such as CDMA radio technology, for example, the 
CDMA spread spearum scheme exploits radio frequency spettral efficiency and isolation by monitoring voice activity, managing two- 
way power control, provision of advanced variable-rate modems and error correcting signal design, and includes inherent resistance 
to fading, enhanced privacy, and provides for multiple "rake" digital data receivers and searcher receivers for correlation of multiple 
physical propagation paths, resembling maximum likelihood detection, as well as support for multiple base station communication 
with a mobile sQtion, i.e, soft or softer hand-off capability. When coupled with a location center as described herein, substantial 
impnwements in radio location can be achieved, for example, the COMA spread spectrum scheme exploits radio frequency spectral 
efficiency and isolation by monitoring voice aaivity, managing two-way power control, provision of advanced variable-rate modems 
and emr correcting signal design, and includes inherent resistance to fading, enhanced privacy, and provides for multiple "rake" ' 
digital data receivers and searcher recelven for correlation of multiple physical propagation paths, resembling maximum likefihood . 
detection, as well as support for multiple base station communication with a mobile station, i.e., soft hand-off capability. Moreover, 
this same advanced radio communication infrastructure can also be used for enhanced radio location. As a further example, the 
capabilities of IS-41 and AIN already provide a broad-granularity of wireless loation, as is necessary to, for example, property direct 
a terminating call to an MS. Such information, originally intended for call processing usage, can be re-used in conjunaion with the 
loatwn center described herein to provide wireless hiation in the large (le.. to determine which county, state and city a particular 
MS is located) and wireless location in the small (i.e, which loatran, plus or minus a few hundred feet within one or more base 
stations a given MS is kKated). 

fig. 4 is a high level diagram of a wireless digital radioloation intelligent networic architeaure for the present imfention. 
Accordingly, this figure illustrates the interconnections between the components, for example, of a typial PCS network configuration 
and various components that are specific to the present invention. In particular, as one skilled in the ait will understand, a typical 
wireless (PCS) network includes: 

(a) a (larje) plurality of conventional wireless mobile stations (HSs) 140 for at least one of voice related communication, 

visual (e.g., text) related communication, and according to present invention, location related communication; 

(b) a mobile switching center (MSQ 112; 

2S 
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(c) a plurality of wireless cell sites in a radio coverage area 120. wherein each cell site includes an infrastrurture base 

station such as those labeled 122 (or variations thereof such as I22A - I22D). In particular, the base stations 122 
denote the standard high traffic, fixed location base stations used for voice and data communication with a plurality 
of MSs 140, and. according to the present invention, also used for communiation of information related to locating 
such HSs 140. Additionally, note that the base stations labeled IS2 are more dirBCly related to wireless loation 
enablement. For example, as deKribed in greater detail hcreinbelow, the base stations 152 nay be low cost, low 
fundbnality transponden that are used primarily in communicating HS location related information to the location 
center 142 (via base stations 122 and the MSC 1 12). Note that unless stated otherwise, the base stations 152 will be 
referred to hereinafter as location base $tation(s) 152'* or simply "LB$(s) 152"); 

(d) a public switched telephone network (PHN) 124 (which may include signaling system links 106 having network 
control components such as: a service control point (SCP) 104 , one or more signaling transfer points (STPs) 110. 

Added to this wireless network, the present invention provides the following additional components: 
(10.1) a location center 142 which is required for determining a location of a target H$ 140 using signal charaaeristic values for 
this target MS; 

(102) one or more mobile base stations 148 (HB$) which are optional, for physically traveling toward the target MS 140 or 
tracking the target MS; 

(10 J) a plurality of location base stations 152 (LBS) which are optional, distributed within the radio coverage areas 120. each 
LBS 152 having a relatively small MS 140 detection area 154; 

Since location base stations can be loated on potentially each floor of a multi-sto^ building, the wireless location 
technology described herein an be used to perform location in terms of height as well as by latitude and longitude. 

In operation, the MS 140 may utilize one of the wireless technologies. CDMA. TDHA. AMPS. NAMPS or GSM techniques for 
radio communication with: (a) one or more infrastruaure base stations 122, (b) mobile base $tation(s) 148 . (c) an LBS 152. 

Referring to fig. 4 again, additional detail is provided of typical base station coverage areas, seaorization. and high level 
componenu within a radio coverage area 120, including the HSC 1 12. Although base stations may be placed in any configuration, a 
typical deployment configuration is approximately in a cellular honeycomb pattern, although many practical tradeoffs exist, such as 
site availability, versus the requirement for maximal terrain coverage area. To illustrate, three such exemplary base stations (BS$) 
are I22A, I22B and 1 22C, each of which radiate referencing signals within their area of coverage 169 to facilitate mobile station (MS) 
140 radio frequency connertivity, and various timing and synchronization functions. Note that some base stations may contain no 
sectors 130 (e.g. I22E). thus radiating and receiving signals in a 360 degree omnidirectional coverage area pattern, or the base 
station may contain "smart antennas" which have specialized coverage area patterns. However, the generally most frequent base 
stations 122 have three seaor 130 coverage area patterns. For example, base station I22A includes seaors 130. additionally labeled 
a. b and c. Accordingly, each of the sectors 130 radiate and receive signals in an approximate 120 degree arc, from an overhead view. 
As one skilled in the art will understand, actual base station coverage areas 1 69 (stylistically represented by hexagons about the base 
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Stations 122) generally are designed to overlap to some extent, thus ensuring seamless coverage in a geographical area. Control 
electronics within each base station 122 are used to communicate with a mobile stations 140. Information regarding the coverage 
area for each sector 130, such as its range, area, and ^'holes" or areas of no coverage (within the radio coverage area 120), may be 
known and used by the location center 142 to facilitate location determination. Further, during communication with a mobile station 
140, the identification of each base station 122 communicating with the MS 140 as well, as any sector identification information, may 
be known and provided to the location center 142. 

In the case of the base station types 122, 148, and IS2 communication of location information, a base station or mobility 
controller 174 (BSC) controls, processes and provides an interface between originating and terminating telephone calls fromAo 
mobile station (MS) 140, and the mobile switch center (HSQ 111 The MSG 122, on-the-other-hand. performs various administration 
functions such as mobile station 140 registration, authentication and the relaying of various system parameters, as one skilled in the 
art will understand. 

The base stations 122 may be coupled by various transport facilities 176 such as leased lines, frame relay, T-Carrier links, optical 
fiber links or by microwave communication links. 

When a mobile station 140 (such as a CDMA, AMPS, NAMPS mobile telephone) is powered on and in the idle sute. it constantly 
monitors the pilot signal transmissions from each of the base sutions 122 located at nearby cell sites. Since base sution/sector 
coverage areas may often overlap, such overlapping enables mobile stations 140 to detea, and, in the case of certain wireless ^ 
technologies, communicate simultaneously along both the forward and reverse paths, with multiple base stations 122 and/or sectors 
130, In Fig. 4 the constantly radiating pilot signals from base station sertors 130, such as sertorsa, b and c of BS I22A, are detectable ' 
by mobile stations 140 within the coverage area 169 for BS I22A. That is, the mobile stations 140 scan for pilot channels, 
corresponding to a given base station/sector identifiers (IDs) , for determining which coverage area 169 (i.e., cell) it is contained. ^ 
This is performed by comparing signals strengths of pilot signals transmitted from these particular cell-sites. 

The mobile station 140 then initiates a registration request with the HSC 112. via the base sution comroller 174. The MSC 1 12 
determines whether or not the mobile sution 140 is allowed to proceed with the registration process (except in the case of a 91 1 call, 
wherein no registration process is required). At this point calls may be originated from the mobile station 140 or calls or short 
message service messages can be received from the network. The HSC 112 communicates as appropriate, with a class 4/5 wireline ' 
telephony circuit switch or other cemral offices, conncrted to the PSTN 124 network. Such central offices connea to wireline 
terminals, such as telephones, or any communication device compatible with the line. The PSTM 124 may also provide connections to 
long distance networks and other networks. 

The MSC 112 may also utilize IS/41 dau drcuiu or trunks conneaing to signal transfer point 1 10, which in turn connects 
to a service control point 104. via Signaling System #7 (SS7) signaling links (€.g.. trunh) for intelligent call processing, as one 
skilled in the art will understand. In the case of wireless AIN services such links are used for call routing instrurtions of calls 
interacting with the HSC 1 12 or any switch capable of providing service switching point functions, and the public switched telephone 
network (PSTN) 124, with possible termination back to the wireless network. 
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Referring to Fig. 4 again, the location center (LQ 142 interfaces with the MSC 1 12 either via dedicated transport facilities 
178, using for example, any number of lAM/WAH technologies, such as Ethernet, fast Ethernet, frame relay, virtual private networks, 
etc., or via the PSTN 124. The LC 142 receives autonomous (e^., unsolicited) command/response messages regarding, for example: 
(a) the state of the wireless network of each service provider, (b) MS 140 and BS 122 radio frequency (Rf) measurements, (c) any 
5 HBSs 148, (d) location applications requesting MS tocaiions using the location center. Conversely, the LC 1 42 provides data and 
control information to each of the above components in (a) - (d). Additionally, the LC 142 may provide loation information to an 
MS 140, via a BS 122. Moreover, in the case of the use of a mobile base station (MBS) 148, several communications paths may exist 
with the LCI4L 

The MBS 148 acts as a low cost, partially-functionai, moving base station, and is, in one embodiment, situated in a vehicle 

10 wher? an operator may engage in MS 140 searching and tracking activities. In providing these aahrities using CDMA, the MBS 148 
provides a forward link pilot channel fora target MS 140. and subsequently receives unique BS pilot strength measurements from the 
MS 140, The MBS 148 also includes a mobile station for data communicatbn with the LC 142, via a BS 122, In particular, such data 
communication includes telemetering the geographic position of the MBS 148 as well as various RF measurements related to signals 
received from the ui^et MS 140. In some embodiments, the MBS 148 may also utilize multiple-beam faed antenna array elements 

15 and/or a moveable narrow beam antenna . such as a microwave dish 182. The antennas for such embodiments may have a known 
orientation in order to further deduce a radio location of the target MS 140 with respect to an estimated current location of the MBS 
148. As will be described in more detail herein below, the MBS 148 may further contain a global positioning system (GPS), distance 
sensors, dead-reckoning citaronics, as well as an on-board computing system and display devices for locating both the MBS 148 of 
itself as well as tracking and locating the target MS 140. The computing and display provides a means for communicating the 

20 position of the target MS 140 on a map display to an operator of the MBS 148. 

Each location base station (LBS) 152 is a low cost location device. Each such LBS 152 communicates with one or mort of 
the infrastruaure base stations 122 using one or more wireless technology interface standards. In some embodiments, to provide 
such LBS's cost effeaively, each LBS 152 only partially or minimally supports the air-interface standards of the one or more wireless 
technologies used in communicating with both the BSs 122 and the MSs 140. Each LBS 152, when put in service, is placed at a fixed 

25 location, such as at a traffic signal, lamp post, etc, and wherein the location of the LBS may be determined as accurately as. for 
example, the aauracy of the locations of the infrastruaure BSs 122. Assuming the wireless technology CDMA is used, each BS 122 
uses a time offset of the pilot PN sequence to identify a forward CDMA pilot channel. In one embodiment, each LBS 152 emiu a 
unique, time-offset pilot PN sequence channel in accordance with the COMA standard in the RF spectrum designated for BSs 122, such 
that the channel does not interfere with neighboring BSs 122 cell site channels, nor would it interfere with neighboring IBSs 152. 

30 However, as one skilled in the art will understand, time offsets, in CDMA chip sizes, may be re-used within a PCS system, thus 
pravWing efficient use of pilot time offset chips, thereby achieving spertrum efficiency. Each LBS 152 may also contain multiple 
wireless receivers in order to monitor transmissions from a target MS 140. Additionally, each LBS 152 contains mobile station 140 
electronia. thereby allowing the LBS to both be controlled by the LC 142, and to transmit information to the LC 142. via at least one 
neighboring BS 122. 
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As mentioned above, when the location of a particular target MS 140 is desired, the LC 142 an request location 
information about the target H$ 140 from, for instance, one or more artivated LBSs 152 in a geographical area of interest. 
Accordingly, whenever the target MS 140 is in such an area, or is suspected of being in the area, either upon command from the LC 
142. or in a substantially continuous fashion, the LBS's pilot channel appears to the Urget MS 140 as a potential neighboring base 
station channel, and consequently, is placed, for example, in the CDMA neighboring set. or the CDMA remaining set, of the target MS 
140 (as one familiar with the CDMA standards will undentand). 

During the normal CDMA pilot search sequence of the mobile station initialization state (in the target MS), the target MS 
140 will, if within range of such an arthrated LBS 152. detect the LBS pilot presence during the CDMA pilot channel aquisition 
substate. Consequently, the target MS 140 performs RFmeasurementt on the signal from each detected LBS 1 51 Similarly.an 
activated LBS 1 52 can perform Rf measurements on the wireless signals from the target MS 140. Accordingly, each LBS 152 detecting 
the target MS 140 nay subsequently telemeter back to the LC 142 measuremem results related to signals fromAo the target MS 140. 
Moreover, upon command, the target MS 140 will telemeter back to the LC 142 its own measurements of the deteaed LBSs 152, and 
consequently, this new location information, in conjunction with location related information received from the BSs 122, can be u^d 
to bcate the target MS 140. 

It should be noted that an LBS 152 will normally deny hand-off requests, since typically the LBS does not require the added 
complexity of handling voice or traffic bearer channels, although economics and peak traffic toad conditions would dictate preference 
here. GPS timing information, needed by any CDMA base station, is either achieved via a the inclusion of a loal GPS receiver or via a 
telemetry process from a neighboring conventional BS 122. which contains a GPS receiver and timing information. Since energy ' 
requirements are minimal in such an LBS 152. (rechargeable) batteries or solar cells may be used to power the LBS. No expensive' 
terrestrial transport link is typically required since two-way communication is provided by the included MS 140 (or an elearonic 
variation thereof). Thus, LBSs 1 52 may be placed in numerous tocations, such as: 

(a) in dense urban canyon areas (e.g., where signal reception may be poor and/or ve^ noisy); 

(b) in remote areas (e.gn hiking, camping and skiing areas); - 

(c) along highways (e.g.. for emergency as well as monitoring traffic flow),and their rest stations; or 

(d) in general, wherever more location precision is required than is obtainable using other wireless infrastrurtion network 
components. 

Location Center - Network Elements API Description 

A location application programming interface 136 (Fig. 4), or L-API. is required between the location center 142 (LC) and 
the mobile switch center (HSC) network elemem type, in order to send and receive various control, signals and data messages. The L- 
API should be implemented using a preferably high-capacity physical layer communications interface, such as IEEE standard 802J 
(10 baseT Ethernet), although other physical layer interfaces could be used, such as fiber optic ATM, frame relay, etc. Two forms of 
API implementation are possible. In the first case the signals control and data messages are realized using the MSC 1 12 vendor's 
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native operations meuages inherent in the product offering, without any special modifications. In the second case the L-API includes 
a full suite of commands and messaging content specifically optimized for wireless location purposes, which may require some, 
although minor development on the part of the HSC vendor. 

5 Signal Processor Description 

Referring to Fig. JO, the signal processing subsystem receives control messages and signal measurements and transmiu 
appropriate control messages to the wireless rwtwork via the location applications programming interface referenced earlier, for 
wireless location purposes. The signal processing subsystem additionally provides various signal idintification, conditioning and pre- 
processing functions, including buffering, signal type dassification, signal filtering, message control and routing funaions to the 
10 location estimate modules. 

There can be several combirations of Delay Spread/Signal Strength sets of measurements made available to the signal 
processing subsystem 20. In some cases the mobile station 140 (Fig. I) may be able to detert up to three or four Pilot Channels 
representing three to four Base Stations, or as few ais one Pilot Channel, depending upon the environment. Similarly, possibly more • 
than one BS 1 22 can detect a mobile station 1 40 transmitter signal, as evidenced by the provision of cell divenity or soft hand-off in"^ 
15 the CDMA standards, and the fact that multiple CMRS' base station equipment commonly will overlap coverage areas. For each mobile' 
station 140 or BS 122 transmitted signal detected by a receiver group at a station, multiple delayed signals, or "fingers" may be 
detected and tracked resulting from multipath radio propagation conditions, from a given transmitter. 

In typical spread spectrum divenity CDMA receiver design, the "first" finger represents the most direct, or least delayed " - 
multipath signal. Second or possibly third or fourth fingers may also be deteaed and tracked, assuming the mobile station contains / 
20 sufficiem number of data receivers. Although traditional TOA and TDOA methods would discard subsequent fingers related to the 
same transmitted finger, collection and use of these additional values can prove useful to reduce tacaiion ambiguity, and are thus 
colleaed by the Signal Processing subsystem in the Location Center 142. 

from the mobile receiver's penpeaive, a number of combinations of measurements could be made available to the 
Location Center. Due to the dispene and near-random nature of CDMA radio signals and propagation characteristics, traditional 
25 TOA/TDOA toation methods have failed in the past, beause the number of signals received in different locations area different. In a 
particularly small urban area, say less than 500 square feet, the number of RF signals and there multipath components may vary by 
over 100 percent. 

Due to the large capital outlay costs associated with providing three or more overlapping base station coverage signals in 
eve7 possible location, most practical digital PCS deployments result in fewer than three base station pilot channels being reportable 
30 in the majority of location areas, thus resulting in a larger, more amorphous location estimate. This consequence requires a family of 
location estimate location modules, each firing whenever suitable data has been presented to a model, thus providing a location 
estimate to a backend subsystem which resolves ambiguities. 

In one embodiment of this invention using backend hypothesis resolution, by utilizing existing knowledge concerning base 
station coverage area boundaries (such as via the compilation a RF coverage database - either via RF coverage area simulations or 
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field tests), the loQtion error space is decreased. Negative logic Venn diagrams can be generated which deduaively rule out certain 
location estimate hypotheses. 

Although the forward link mobile station's received relative signal strength (RRSSos) of detected nearby base station 
transmitter signals an be used direaly by the location estimate modules, the CDMA base station's reverse link rKeived relative signal 
5 strength (RRSShs) deteaed mobile station transmitter signal must be modified prior to location estimate model use, since the 
mobile station transmitter power level changes nearly continuously, arid would thus render relative signal strength useless for 
loation purposes. 

One adjustment variable and one factor value arc required by the signal processing subsystem in the COMA air interface 
case: I .) instantaneous relative power level in dBm (IRPL) of the mobile station transmitter, and 2.) the mobile station Power Qass. 
10 By adding the IRPL to the RR$S„s, a synthetic relative signal strength (SR$Sm$) of the mobile station 140 signal deteaed at the B$ 122 
is derived, which can be used by location estimate model analysis, as shown below: 

SRSS^s = RRSShs + IRPL (in dBm) 

15 SIUShs, a correaed indication of the effeaive path kiss in the reverse direction (mobile station to B$), b now comparable with RRSJbj' 
and can be used to provide a correlation with either distance or shadow fading because it now accounts for the change of the mobile 
station transmitter's power level. The two signals RRSS^ and SRSS^ can now be processed in a variety of ways to achieve a more 
robust correlation with distance or shadow fading. 

Although Rayleigh fading appears as a generally random noise generator, essentially destroying the correlation value of 

20 either RRSS^j or SRSS^ measurements with distance individually, several mathematical operations or signal processing functions can' 
be performed on each measurement to derive a more robust relative signal strength value, overcoming the adverse Rayleigh fading 
effeas. Examples include averaging, taking the strongest value and weighting the strongest value with a greater coefficient than the 
weaker value, then averaging the results. This signal processing technique takes advantage of the fact that although a Rayleigh fade 
may often exist in either the forward or reverse path, it is much less probable that a Rayleigh fade also exists in the reverse or 

25 forward path, respectively. A shadow fade however, similiarly affeas the signal strength in both paths. 

At this point a CDMA radio signal direaion-independent "net relative signal strength measurement" is derived which is 
used to establish a correlation with either distance or shadow fading, or both. Although the ambiguity of either shadow fading or 
distance cannot be dewrmined, other means can be used in conjunrtion. such as the fingers of the CDMA delay spread measurement, 
and any other TOA/FDOA calculations from other geographical points. In the case of a mobile station with a certain amount of 

30 shadow fading between iU BS 122 (Fig. 2). the first finger of a CDMA delay spread signal is most likely to be a relatively shorter 
duration than the case where the mobile station 140 and BS 122 are separated by a greater distance, since shadow fading does not 
materially affea the arrival time delay of the radio signaL 

By performing a small modification in the control elearonics of the COMA base station and mobile station receiver 
circuitiy, it is possible to provide the signal processing subsystem 20 (reference Fig. 30) within the Loation scenter 142 (fig. I) with 
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data that exceed the one-to-one CDMA delay-spread fingen to data receiver correjpondence. Such additional information, in the form 
of additional CDHA fmgerj (additional multipath) and all associated detectable pilot channels, provides new information which is 
used to enhance to aauracy of the Loation Center's locatnn estimate location estimate modules. 

This enhanced capability is provided via a control message, sent from the Location center 142 to the mobile switch center 
1 2, and then to the base station($) in communication with, or in close proximity with, mobile stations MO to be located. Two types of 
location measurement request control messages are needed: one to instruct a target mobile station 140 (i.e, the mobile station to be 
located) to telemeter its BS pilot channel measurements back to the prima7 BS 122 and from there to the mobile switch center 1 12 
and then to the loation system 42. The second control message is sent from the location system 42 to the mobile switch center 1 12, 
then to first the primary B$, instructing the primaiy BS' searcher receiver to output (i.e., return to the initiating request message 
source) the detected target mobile station 140 transmitter CDMA pilot channel offset signal and their corresponding delay spread 
finger (peak) values and related relative signal strengths. 

The control messages are implemented in standard mobile station 140 and BS 122 COMA receiven such that all data results 
from the search receiver and multiplexed results from the associated dau receivers are available for transmission back to the 
Location Cemer 142. Appropriate value ranges are required regarding mobile station 140 parameten T_ADD„ T JROP.. and the 
ranges and values for the Active. Neighboring and Remaining Pitot sets registen. held within the mobile station 140 memory. Further 
mobile station 140 receiver deuils have been discussed above.' 

In the mma case without any specific multiplexing means to provide location measurements, exactly how many COHA 
pilot channels and delay spread fingers can or should be measured va7 according to the number of data receiven contained in each 
mobile station 140. As aguide. it is preferred that whenever RF charaaeristics permit, at least three pilot channels and the strongest 
nm three fingers, are collected and processed. From the BS 122 perspective, it is preferred that the strongest first four CDHA delay 
spread fingers and the mobile station power level be collected and sent to the location system 42, for each of preferably three BSs 122 
which can detea the mobile station 140. A much larger combination of measurements is potentially feasible using the extended data 
collection capability of the CDMA receivers. 

Fig. 30 illustrates the components of the Signal Processing Subsystem. The main components consist of the input queue(s) 
25 7.signalclassifier/filter9.digital$ignarmgproces5orl7.imagingfilter$l9,outputqueue(j)2l,rort^^^^ 
processor database 26 and a signal processing controller IS. 

Input queues 7 are required in order to stage the rapid acceptance of a significant amount of RF signal measurement data, 
used for either loation estimate purposes or to accept autonomous loation data. Each toation request using fixed base stations 
may. in one embodiment, contain from I to 128 radio frequency measurements from the mobile station, which translates to 
30 approximately 61.44 kilobytes of signal measurement data to be collected within 10 seconds and 128 measuremenu from each of 
possibly four base stations, or 245.76 kilobytes for all base stations, for a total of approximately 640 signal measurements from the 
five sources, or 307.2 kilobytes to arrive per mobile station location request in 10 seconds. An input queue storage space is assigned at 
the moment a location request begins, in order to establish a formatted data structure in persistent store. Depending upon the 
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urgency of the time required to render a location ertimate. (ewer or more signal measurement samples can be taken and stored in the 
input queue(s) 7 accordingly. 

The signal processing subsystem supports a variety of wireless network signaling measurement capabilities by deteaing the 
capabilities of the mobile and base station through messaging structures provided bt the location application programming interface. 
5 Detection is accomplished in the signal classifier 9 (Fig. 30) by referencing a mobile station daubase table within the signal processor 
database 26, which provides, given a mobile station ktenti&ation number, mobile station revision code, other mobile station 
charartersitics. Similiarly, a mobile switch center table 31 provkles NSC characteristics and identifications to the signal classifier/filter 
9. The signal classifier/filter adds additranal message header information that further classifies the measurement data which allows 
the digital signal processor and image filter components to select the proper internal processing subcomponents to perform 

10 operations on the sigi^l measurement data, for use by the location estimate modules. 

~ Regarding service control point messages autonomously received from the input queue 7, the signal classifier/filter 9 
detemines via a signal processing database 26 query that the message is to be associated with a home base station module. Thus 
appropriate header information is added to the message, thus enabling the message to pass through the digital signal processor 17 
unaffected to the output queu 21, and then to the router/distributor 23, The router/distributor 23 then routes the message to the HBS 

15 first order model. Those skilled in the art will understand that associating location requests from Home Base Station configurations 
require substantially less dati: the mobile identification number and the associated wireline telephone number transmission from the 
home location register are on the order of less than 32 bytes. Consequentially the home base station message type could be routed 
without any digital signal processing. 

Output queue(s) 21 are required for similar reasons as input queues 7: relatively large amounts of data must be held in a specific ' 
20 format for further location processing by the location estimate modules. 

The router and distributor component 23 is responsible to directing specific signal measurement data types and stnittures 
to their appropriate modules, for example, the HBS f OM has no use for digital filtering struaures. whereas the TOGA module wouW 
not be able to process an NBS response message. 

The controller IS is responsible for staging the movement of data among the signal processing subsystem 20 components input queue 
25, 7, digital signal processor 17, router/distributor 23 and the output queue 21, and to initiate signal measurments within the wireless 
network, in response from an internet 168 location request message in Fig. I, via the loation application programming interface. 

In addition the controller 15 receives autonomous messages from the MSC , via the location applications programming 
interface (Fig. I) or L-API and the input queue 7, whenever a 9-M wireless call is originated. The mobile switch cenier provides this 
autonomous notification to the location system as follows: By spedfiying the appropriate mobile switch center operations and 
30 maintenance commands to surveil calls based on certain digits dialed such as 9-1-1, the location appliations programming interface, 
in communications with the MSCs, receives an autonomous notification whenever a mobile station user dials 9-1-1. Specifically, a bi- 
directional authorized communications port is configured, usually at the operations and maintenance subsystem of the MSCs, or with 
their associated network element manager system($). with a data circuit, such as a OS-I, with the loation applications programming 
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interface in Fig. I. Next, the "all trace" Qpability of the mobile switch center ij aaivated for the rejpeaive communications port. 
The exact implementation of the vendor-specific man-machine or Open Systems Interiace (OSI) command$($) and their associated 
data struaures generally vary among HSC vendors, however the trace function is generally available in various forms, and is required 
in order to comply with federal Bureau of Investigation authorities for wire tip purposes. After the appropriate surveillance 
commands are estalilished on the MJC, such 9-1-1 call notifications messages containing the mobile station identification number 
(Mm) and, in phase I E9.M implementations, a pseudo-automatic number identication (a.lu. pANI) which provides an association 
with the primal base station in which the 9-1-1 caller is in communicaitdn. In cases where the pANI is known from the onset, the 
signal processing subsystem avoids querying the MSC in question to determine the primary base station identification associated with 
the 9-1-1 mobile station caller. 

After the signal processing controller IS iweives the first message type, the autonomous notifiation message froin the 
mobile switch center 112 to the location system 42, containing the mobile identification number and optionally the prima^ base 
sution identification, the controller IS queries the base station table 13 in the signal processor database 26 to determine the status 
and availability of any neighboring base stations, including those base stations of other CHRS in the area. The definition of 
neighboring base stations include not only those within a provisionable "hop" based on the cell design reuse laaor, but also includes, 
in the case of COMA, results from remaining set information autonomously queried to mobile stations, with results stored in the base 
station table. Remaining set information indicates that mobile sutions can detea other base station (sector) pilot channels which 
may exceed the "hop" distance, yet are nevertheless candidate base stations (or sectors) for wireless location purposes. Although 
cellular and digital cell design may vary, "hop" distance is usually one or two cell coverage areas away from the primary base 
station's cell coverage area. 

Having determined a likely set of base stations which may both detect the mobile station's transmitter signal, as well as to 
determine the set of likely pilot channels (Le, base stations and their associated physical antenna secton) detecuble by the mobile 
station in the area surrounding the primary base sution (sector), the controller IS initiates messages to both the mobile station and 
appropriate base stations (seaors) to perform signal measuremcno and to return the results of such measurements to the signal 
processing system regarding the mobile station to be located. This step may be accomplished via several interface means. In a first 
ase the controller IS utilizes, lor a given MSC, predetermined storage information in the MSC table 31 to determine which type of 
commands, such as man-machine or OSI commands are needed to request such signal measrureraents lor a given MSC. The controller 
generates the mobile and base station signal measurement commands appropriate for the HSC and passes the commands via the 
input queue 7 and the locations application programming interface in fig.l, to the appropriate MSC. using the authoriied 
communications port mentioned eariier. In a second case the controller IS communicates direoly with base stations within having to 
interface directly with the MSC for signal measurement extraction. 

Upon receipt of the signal measurements, the signal classifier 9 in Fig. 30 examines location application programming 
interface-provided message header information from the source of the tocation measurement (for example, from a fixed BS 122, a 
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mobile station MO, a distributed antenna system 168 in fig. I or message loation data related to a home base station), provided by 
the kxatiori applications programming interface (L-API) via the input queue 7 in fig. 30 amJ determines whether or not device iihen 
17 or image filters 19 are needed, and assesses a relative priority in processing, such as an emergency versus a background location 
task, in terms of grouping like data associated with a given location request In the case where multiph; signal measurement requests 
are outstanding for various base stations, some of which may be associated with a different CHRS network, and additional signal 
classifier function includes sorting and associating the appropriate incoming signal measurements together such that the digital 
signal processor 17 processes related measurements in order to build ensemble data sets. Such ensembles albw for a variety of 
functions such as averaging, outlier removal over a timeperiod. and related filtering functions, and further prevent association errors 
from occuring in location estimate processing. 

Another function of the signal dassifer/low pass filter component 9 is to filter information that is not useable, or 
information that couM introduce noise or the effea of noise in the loation estimate modules. Consequently low pass matching filters 
are used to match the in^ommon signal processing components to the characteristics of the incoming signals, low pass filters match: 
Mobile Stttion, base station, CHRS and HSC charaaeristics, as wall as to classify Home Base Station messages. 

The signal processing subsystemcontains a base station database table 13 (fig. 30) which captures the maximum number 
of CDMA delay spread fingers for a given base station. 

The base station identification code, or CLLI or common language level identification code is useful in identifying or 
relating a human-labeled name descriptor to the Base Station, latitude, longitude and elevation values are used by other subsystems 
in the locatron system for calibration and estimation purposes. As base stations and/or receiver charaaeristics are added, deleted, or 
changed with respect to the network used (or location purposes, this database table must be modified to reflect' the current network 
configuration. 

Just as an upgraded base station may detect additional CDMA delay spread signals, neweror modified mobile stations may 
detect additional pilot channels or CDMA delay spread fingers. Additionally different makes and models of mobile stations may 
acquire improved receiver sensitivities, suggesting a greater coverage capability. The table below esubiishes the relationships among 
varrous mobile station equipment suppliers and ceruin technical data relevant to this tocation imrention. 

Although not strictly necessary, The MIN can be populated in this table from the PCS Service Provkler's Customer Care 
system during subscriber aaivation and fulfillment, and could be changed at deaaivation, or anytime the eral-user changes mobile 
stations. Alternatively, since the MIN, manufaaurer, model number, and software revision level information is available during a 
telephone all. this information could extracted during the all, and the remaining fields populated dynamically, based on 
manufarturer's' specifications information previously stored in the signal processing subsystem 20. Default values are used in cases 
where the MIN is not found, or where certain information must be estimated. 

A tow pass mobile station filter, contained within the signal dassifier/low pass filter 9 of the signal processing subsystem 
20. uses the above table data to perform the following functions: I) att as a low pass filter to adjust the nominal assumptions related 
to the maximum number of COMA fingers, pilou detectable; and 2) to determine the transmit power class and the receiver thermal 
noise floor. Given the detected revene path signal strength, the required value of SRSS„s. a corrected indication of the effective path 

35 



wo 98/10307 PCT/US97/i5892 

loss in the revene direaion (mobile station to 6$), can be calculated based data contained within the mobile station table I K stored 
in the signal processing database 26. 

The effects of the maximum Number of CDMA fingen allowed and the maximum number of pilot channels allowed 
essentially form a low pass filter effect, wherein the least common denominator of charaaeristia are used to filter the incoming RF 
5 signal measurements such that a one for one matching occurs. The effect of the transmit power class and receiver thermal noise floor 
values b to normalize the characteristta of the incoming RF sigrais with respect to those RF signals used. 

The signal classifier/filter 20 is in communication with both the input queue 7 and the signal processing database 26. In 
the early stage of a location request the signal processing subsystem 142 in Fig. 4, will receive the initiating location request from 
either an autonomous 9-1-1 notification message from a given HSC, or from a locatkin application (for example, see Fig. 36), for 

10 which mobile station characteristia about the target mobile station 140 (Fig. I) is required. Referring to Fig. 30, a que^ is made 
from the signal processing controller IS to the signal processning database 26, specifically the mobile station table II, to determine if 
the mobile station charaaeristics associated with the KIN to be located is available in table 1 1 . if the dau exists then there is no need 
for the controller IS to que^ the wireless network in order to determine the mobile station characteristics, thus avoiding additional 
real-time processing which would otherwise be required across the air interface, in order to determine the mobile station MIN 

15 chararteristiaThc resulting mobile station information my be provided eithervia the signal processing database 26 or alternatively 
a query may be performed directly from the signal processing subsystem 20 to the MSC in order to determine the mobile station 
charaaeristics. 

Referring now to Fig. 3 U location application programming interface, L-API-CCS 1 39 to the appropriate CHRS customer - 
care sysUm provides the mechanism to populate and update the mobile station table 1 1 within the database 26. The L-API-CCS 139 " 

20 contains its own set of separate input and output queues or similar implementations and security controls to ensure that provisioning 
data is not sent to the incorrect CMRS, and that a given CMRS cannot access any other CHRS* data. The interface I ISSa to the 
customer care system for CMRS-A I ISOa provides an autonomous or periodic notification and response application layer protocol 
type, consisting of add, delete, change and verify message funttions in order to update the mobile station table I i within the signal 
processing database 26, via the controller 1 5. A similar interface 1 155b is used to enable provisioning updates to be received from 

25 CMRS-B customer care system 1 1 50b. 

Although the L-API-CG application message set may be any protocol type which supports the autonomous notification 
message with positive acknowledgment type, the TIHLS group within the American National Standards Institute has defined a good 
starting point in which the L-API-CCS could be implemented, using the robust OSI THN X-interlace at the service management layer. 
The object model defined in Standards proposal number Tml.5^6-22R9. Operations Administration, Maintenance, and Provisioning 

30 (OAHSP) - Model for Interface Across Jurisdirtional Boundaries to Support Electronic Access Service Ordering: Inquiry Funaion, can 
be extended to support the L-API-CCS information elements as required and further discussed below. Other choices in which the L- 
API-CCS application message set may be implemented include ASCII, bina^. or any enc^pted message set encoding using the Internet 
protocols, such as TCP/IP, simple network management protocol, http. https, and email protocols. 
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Referring to the digital signal proasjor (DSP) I7» in communication with the signal classifier/IP filter 9, the DSP 17 
provides a time series expansion method to convert non-HBS data from a format of an signal measure data ensemble of time-series 
based radio frequency data measurements, collected as discrete time-siice samples, to a three dimensional matrix loation data value 
image representation. Other techniques further filter the resultant image in order to furnish a less noisy training and aaual data 
sample to the location estimate modules. 

After 128 samples (in one embodiment) of data are collected of the delay spread-relative signal strength Rf data 
measurement sample: mobile station RX for BS-I and grouped into a quantization matrix, where rows constitute relative signal 
strength intervals and columns define delay imefvals. As each measurement row, column pair (which could be represented as a 
complex number or Cartesian point pair) is added to their respeaive values to generate a Z direaion of frequency of recurring 
measurement value pairs or a density recurrence function. By liext applying a grid function to each x, y, and i value, a three- 
dimensionai surface grid is generated, which represents a location data value or unique print of that l28-$ample measurement. 

In the general case where a mobile station is loated in an environment with varied clutter patterns, such as terrain 
undulations, unique man-made struaure geometries (thus creating varied multipath signal behavion), such as a city or suburb/ 
although the first CDMA delay spread finger may be the same value (or a fixed distance between the mobile station and BS antennas, 
as the mobile station moves across such an arc. different finger-data are measured. In the right image for the defined B$ antenna 
sector, location classes, or squares numbered one through seven, are shown across a particular range of line of position (LOP). 

A traditional TOA/rDOA ranging method between a given BJ and mobile station only provides a range along the arc, thus 
introducing ambiguity error. However a unique three dimensional image can be used in this method to specifically identify, with 
recurring probability, a particular unique location class along the same Line Of Position, as long as the multipath is unique by 
position but generally repeatable, thus establishing a method of not only ranging, but also of complete latitude, longitude location 
estimation in a Cartesian space. In other words, the unique shape of the "mountain image" enables a correspondence to a given 
unique location class along a line of position, thereby eliminating traditional ambiguity error. 

Although man-made external sources of interference. Rayleigh fades, adjacent and co-channel interference, and variable 
clutter, such as moving traffic introduce unpredictability (thus no "mountain image" would ever be exaaly alike), three basic types 
of filtering methods can be used to reduce matching/comparison error from a training case to a location request case: I.) select only 
the strongest signals from the forward path (BS to mobile station) and reverse path (mobile station to BS). 2.) Convolute the forward 
path 128 sample image with the reverse path 128 sample image, and 3.) process all image samples through various digital image 
filters to discard noise components. 

In one embodiment, convolution of forward and revene images is performed to drive out noise. This is one embodiment 
that essentially nulls noise completely, even if strong and recurring, as long as that same noise charaaeristic does not occur in the 
opposite path. 

The third embodiment or technique of processing CDMA delay spread profile images through various digital image filters, 
provides a resultant "image enhancement" in the sense of providing a more stable pattern recognition paradigm to the neural net 
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location estimate model, for example, image histogram equalization an be used to rearrange the images' intensity values, or density 
recurrence values, so that the im^e's cumulative histogram is approximately linear. 

Other methods which an be used to compensate for a concentrated histogram include: I) Input Cropping. 2) Output 
Cropping and 3) Gamma Correction. Equalization and input cropping an provide particularly striking benefits to a CDMA delay 
5 spread profile image. Input cropping removes a large percentage of random sigralctaracteristia that are non-recurring. 

Other filteri and/or filter combinations an be used to help distinguish between stationary and variable clutter affecting 
multipath signals, for example, it is desirable to reject mukipath fingers associated with variable clutter, since over a period of a few 
minutes such fingers would not likely recur. Further filtering an be used to remove recurring (at least during the sample period), and 
possibly Strang but narrow "pencils" of RF energy, ft narrow pencil image component could be represented by a near perfea reflective 
10 surface, such as a nearby metal panel truck stopped at a traffic light 

On the other hand, stationary clutter objeas, such as concrete and glass building surfaces, adsorb some radiation before 
continuing with a reflected ray at some delay. Such stationary clutter-affected CDMA fingers are more likely to pass a 4X4 neighbor 
Median filter aj well as a 40 to 50 percent Input Crop filter, and are thus more suited to neural net pattern recognition.. However 
when subjerted to a 4X4 neighbor Median fitter and 40 percent clipping, pencil-shaped fingers are deleted. Other combinations 
15 include, for example, a 50 percent cropping and 4X4 neighbor median filtering. Other filtering methods include custom linear 
filtering, adaptive (Weiner) filtering, and custom nonlinear filtering. 

The DSP 17 may provide data emsemble results, such as extracting the shortest time delay with a detectable relative signal 
strength, to the rauter/distributor 23. or alternatively results may be processed via one or more image f ilten 1 9, with subsequent 
transmission to the router/distributor 23. The router/distributor 23 examines the processed message data from the DSP 17 and stores ^ 
20 routing and distribution information in the message header. The rauter/distributor 23 then forwards the data messages to the output 
queue 21. for subsequent queuing then transmission to the appropriate loation estimator FOMs. 

LOCATION CENTER HIGH LEVEL FUNCTIONALITY 

At a very high level the loation center 142 computes loation estimates for a wireless Mobile Station 140 (denoted the 
25 "target MS" or "MS") by performing the following steps: 

(23.1) receiving signal transmissron charaaeristicsof communications communicated between the target MS 140 and one or 
more wireless infrastniaure base stations 122; 

(232) filtering the received signal transmission charaaeristics (by a signal processing subsystem 1220 illustrated in Fig. 5) as 
needed so that target MS loation data an be generated that is uniform and consistent with loation data generated from other 
30 target HSs 140. In particular, such uniformity and consistency is both in terms of data structures and interpretation of signal 
characteristic values provided by the MS location data; 
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(23 J) inputting the generated target H$ location data to one or more MS location eroinatlng models (denoted Fiat order modeb 
or f 0M$, and labeled collertivcly as 1224 in fig. 5), $o that each such model may use the input target MS location dau for generating 
a **k)cation hypothesif providing an estimate of the location of the target MS 140; 

(2J.4) providing the generated location hypotheses to an hypothesis evaluation module (denoted the hypothesis evaluator 1228 in 
5 fig.5): 

(a) for adjusting at least one of the target MS location estimates of the generated location hypotheses and related 
confidence values indicating the confidence given to each location estimate, wherein such adjusting uses archival information related 
to the accuracy of previously generated location hypotheses, 

(b) for evaluating the location hypotheses according to various heuristics related to, for example, the radio coverage 
10 area 120 terrain, the laws of physics, characteristics of likely movement of the Urget MS 140; and 

(c) for determining a most likely location area for the target MS 140, wherein the measurement of confidence 
associated with each input MS location area estimate is used for determining a "most likely location area"; and 

(23i) outputting a most likely target MS location estimate to one or more applications 1232 (fig, 2.0) requesting an estimate of 
the location of the target MS 140. 

1 5 Location Hypothesis Data Representation 

In order to describe how the steps (23.1) through (23.5) are performed in the seaions below, some introductory remarks 
related to the data denoted above as location hypotheses will be helpful. Additionally, it will also be helpful to provide introduaoiy 
remarks related to historical location data and the dau base management programs associated therewith. 

for each target MS location estimate generated and utilized by the present invention, the location estimate is provided in a 
20 data struaure (or objea class) denoted as a "location hypothesis'* (illunrated in Table LH-I). Although brief descriptions of the data 
fields for a location hypothesis is provided in the Table LH-I, many fields require additional explanation. Accordingly, location 
hypothesis data fields are further described as noted betow. 

Table LH-I 



FOM^ID 


First order model ID (providing this Location Hypothesis); note, since it is possible for location 




hypotheses to be generated by other than the fOMs 1224. in general, this field identifies the 




module that generated this location hypothesis. 


MS_ID 


The identification of the target MS 140 to this location hypothesis applies. 


pt_est 


The most likely location point estimate of the target MS 140. 


validjt 


Boolean indicating the validity of **pt_est". 
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area_est 


Location Area Estimate of the target HS 140 provided by the f OH. This area estimate will be 
used whenever "image_area** below is NULL. 


valid_area 


Boolean indicating the validity of "area jst" (one of "pt^est" and "area_est" must be 
valid). 


adjust 


Boolean (true if adjustments to the fields of this tocation hypothesis are to be performed in 
the Context adjuster Module). 


pl_cov€ring 


Reference to a substantially minimal area (e.g., mesh cell) covering of "pt jst". Note, since 
this MS 140 may be substantially on a cell boundary, this covering may. in some cases, include 
more than one cell. 


image^area 


Reference to a substantially minimal area (e,g., mesh cell) covering of "pt covering" (see 
detailed description of the funaion. "confidence^adjuster**). Note that if this field is not 
NULL, then this is the target HS location estimate used by the location center 142 instead of 
"area^esf , 


extrapolation_area 


Reference to (if non-NULL) an extrapolated HS target estimate area provided by the loation 
extrapolator submodule 1432 of the hypothesis analyzer I3JI That is, this field, if non-NULL, 
is an extrapolation of the "image_area" field if it exists, otherwise this field is an 
extrapolation of the "area jst** field. Note other extrapolation fields may also be provided 
depending on the embodiment of the present invention, such as an extrapolation of the 
"pt^covering". 


confidence 


A real value in the range [-1.0, + 1.0] indicating a likelihood that the target MS 140 is in (or 
out) ol a particular area. If positive: if "im3ge_area" exists, then this is a measure of the 
likelihood that the target MS 140 is within the area represented by "image area", or if 
**image_area" has not been computed (e,g.. "adjust" is FALSE), then "areajst" must be 
valid and this is a measure of the likelihood that the target MS 140 is within the area 
represented by "area_est". If negative, then "area est" must be valid and this is a measure 
of the likelihood that the target MS MO is NOT in the area represented by "area est". If it is 
zero (near zero), then the likelihood is unknown. 


Original_Timestamp 


Date and time that the location signature cluster (defined hereinbelow) for this location 
hypothesis was received by the signal processing subsystem 1220, 


Actrvejimfistamp 


Run-time fieM providing the time to which this location hypothesis has had its MS location 
40 
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e$timate($) extrapolated (in the location eitrapolator 1432 of the hypothesis analyzer 1 332). 
Note that this field is initialized with the value from the "Originaljimestamp" field. 


Processing Tags and environmental 
ategorizations 


for indicating particular types of environmenui classifications not readily determined by the 
•'Originaljimestamp" field (e.g.. weather, traffic), and restriaionson location hypothesis 
processing. 


toc_$ig_clujter 


Provides access to the collertion of location signature signal characteristics derived from 
communications between the target MS MO and the base station(s) deteaed by this MS 
(discussed in detail hereinbelow); in particular. the location data accessed here is provided to 
the first order models by the signal processing subsystem 1220; i.e., access to the "loc stgs" 
^rBcelveaal irmesiamp regardingtnelocationoTthe target MS) 


descriptor 


Original descriptor (from the first order model indicating why/how the Location Area Estimate 
and Confidence Value were determined). 



Aj can be $e«n in the Table LH-I , each location hypotheju data structure includeut least one raeaw 
hereinafter as a confidence value (or simply confidence), that is a measurement of the perceived likelihood tJiat an MS location 
estimate in the location hypothesis is an accurate location estimate of the urget MS MO. Since such confidence values are an 
important aspect of the present invention, much of the description and use of such confidence values are described below; however, a 
brief description is provided here. Each such confidence value is in the range -1 .0 to 1.0. wherein the larger the value, the greater the " 
perceived likelihood tliat the target MS 140 is in (or at) a corresponding MS location estimate of the location hypothesis to which the 
confidence value applies. As an aside, note that a location hypothesis may have more than one NS location estimate (as will be 
discussed in detail below) and the confidence value will typically only correspond or apply to one of the MS location estimates in the 
loation hypothesis: further, values for the confidence value fieM may be interpreted as: (a) -1.0 may be interpreted to mean that 
the ta^et MS 140 is NOT in such a corresponding MS area estimate of the location hypothesis area, (b) 0 may be interpreted to mean 
that it is unknown as to the likelihood of whether the MS 140 in the corresponding MS area estimate, and (c) + 1.0 may be 
interpreted to mean that the MS 140 is perceived to positively be in the corresponding H$ area estimate! 

Additionally, note that it is within the scope of the present invention that the location hypothesis data strurture may also 
include other related "perception" measurements related to a likelihood of the target MS 140 being in a particular MS location area 
estimate, for example, it is within the scope of the present invention to also utilize measurements such as, (a) "sufficiency facton" 
for indiating the likelihood that an MS location estimate of a location hypothesis is sufficient for locating the target MS 140; (b) 
"necessity factors" for indicating the necessity that the target MS be in an particular area estimate. However, to more easily describe 
the present invention, a single confidence field is used having the interpretatbn given above. 



41 



wo 98/10307 PCTAJS97/15892 

Additionally, in utilizing loation hypothesej in, for example, the location evaluator 1228 as in (23,4) above, it is important 
to keep in mind that each location hypothesis confidence value is a relative measurement That is. for confidences, cf, and cfj, if cf , 
< = cfj. then for a location hypotheses H| and Hj having cf, and cf,, respectively, the target MS 140 is expected to more likely reside 
in a target MS estimate of Hj than a Urget MS estimate of H,. Moreover, if an area, A, is such that it is included in a plurality of 
location hypothesis target MS estimates, then a confidence score. CS^. can be assigned to A. wherein the confidence score for such an 
area is a function of the confidences (both positive and negative) for all the location hypotheses whose (most pertinent) target MS 
location estimates contain A. That is, in order to determine a most likely target MS location area estimate for outputting from the 
location center 142, a confidence score is determined for areas within the loation center service area. More particularly, if a funaion, 
"r, is a function of the confidence($) of location hypotheses, and f is a monotonic funrtion in its parameters and f(cf,. cfj, cfj, « , 
cf^) == CSa for confidences cfj of location hypotheses H;, i= l.2.»,N, with Qj^ contained in the area estimate for Hj. then T is 
denoted a confidence score function. Accordingly, there are many embodiments for a confidence score function f that may be utilized 
in computing confidence scores with the present invention; e.g., 

(a) f(cr,.cf^...,cf„) = Scfi = CS,;, 

(b) f(d„cf>,.,cf„) = Scfi" =CS,.n=U,5,.«; 

(c) l(cf|. cfj, « , cfn) =? S (Rj ♦ cf;) = , wherein i = 1. 2. « are positive system (tunable) constants (possibly 
dependent on environmental characteristics such as topography, time, date, traffic, weather, and/or the type of base $iation($) 1 22 
from which location signatures with the target MS 140 are being generated, etc). 

for the present description of the invention, the funaion f as defined in (c) immediately above is utilized. However, for 
obtaining a general understanding of the present invention, the simpler confidence score function of (a) may be more useful. It is 
important to note, though, that it is within the scope of the present invention to use other functions for the confidence score funrtion. 

Coverage Area: Area Types And Their Determination 

The notion of "area type" as related to wireless signal transmission characteristics has been used in many investigations of 
radio signal transmission characteristics. Some investigators, when investigating such signal chararteristics of areas have used 
somewhat naive area classifications such as urban, suburban, rural, etc. However, it is desirable for the purposes of the present 
invention to have a more operational definition of area types that is more closely associated with wireless signal transmission 
behaviors. 

To deKribe embodiments of the an area type scheme used in the present invention, some introduaory remarks are first 
provided. Note that the wireless signal transmission behavior for an area depends on at least the following criteria: 

(23.8.1) substantially invariant terrain characteristia (both natural and man-made) of the area; e.g,. mountains. 

buildings, lakes, highways, bridges, building density; 
(23.8 J) time varying environmental characteristics (both natural and man-rnade) of the area; e.g., foliage, traffic. 

weather, special events such as baseball games; 
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(23.83) wireless communication components or infrastruaure in the area; e.g., the arrangement and signal 

communication charaaeristia of the base stations 122 in the ar«a, further, the antenna characteristics at the base 
s^ciqns 122 may be important criteria. 

Accordingly, a description of wireless signal chararteristia for determining area types could potentially include a 
characterization of wireless signaling attributes as they relate to each of the above criteria. Thus, an area type might be: hilly, treed, 
suburban, laving no buildings above SO feet, with base stations spaced apart by two miles. However, a categorization of area types 
is desired that is both more closely tied to the wireless signaling chaiaaeristia of the area, and is capable of being computed 
substantially automatically and repeatedly over time. Moreover, for a wireless location system, the prima7 wireless signaling 
cbaracteristia for categorizing areas into at least minimally similar area types are: thermal noise and, more importantly, multipath 
charaaeristio (e.g., multipath fade and time delay). 

Focusing for the moment on the multipath charaaeristio, it is believed that (23.8.1) and (23.8,3) immediately above ar«, 
in general, more important criteria for accurately locating an MS 140 than {1U2). That is, regarding (23.8.1), multipath tends to 
increase as the density of nearby vertical area changes increases. For example, multipath is particulariy problematic where thm is a 
high density of high rise buildings and/or where there are closely spaced geographic undulations. In both cases, the amount of ' 
change in vertical area per unit of area in a horizontal plane (for some horizontal reference plane) may be high. Regarding (23.8J). 
the greater the density of base stations 122, the less problematic multipath may become in locating an MS 140. Moreover, the 
arrangement of the base stations 122 in the radio coverage area 120 in Fig. 4 may affeathe amount and severity of multipath. 

Accordingly, it would be desirable to have a method and system for straightforwardly determining area type classifications 
related to multipath, and in particular, multipath due to (23.8,1) and (23.8 J). The present invention provides such a 
determination by utilizing a novel notion of area type, hereinafter denoted "transmission area type" (or, "(transmission) area type" 
when both a generic area type classification scheme and the transmission area type discussed hereinafter are intended) for classifying 
"similar" areas, wherein each transmission area type class or categ07 is intended to describe an area having at least mininrally 
similar wifBless signal transmission characteristics. That is, the novel transmission area type scheme of the present invention is based 
on: (a) the terrain area classifications; e.g.. the terrain of an area surrounding a target MS 140, (b) the configuration of base stations 
122 in the radio coverage area 120, and (c) characterizations of the wireless signal transmission paths between a target MS 140 
location and the base stations 121 

In one embodiment of a method and system for determining such (transmission) area type approximations, a partition 
(denoted hereinafter as Pq) is imposed upon the radio coverage area 120 for partitioning for radio coverage area into subareas, 
wherein each subarea is an estimate of an area having included MS 140 locations that are likely to have is at least a minimal amount 
of similarity in their wireless signaling charaaerisiics. To obtain the partition Pq of the radio coverage area 1 20, the following steps 
are performed: 

(23.8.4.1) Partition the radio coverage area 120 into subareas, wherein in each subarea is: (a) conneaed, (b) variations in 
the lengths of chords sectioning the subarea through the centroid of the subarea are below a predetermined 
threshold, (c) the subarea has an area below a predetermined value, and (d) for most locations (e.g., within a fint 
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or lecond deviation) within the subarea whose wirelejj signaling charaaerittia have been verified, it is iilcel/ (e.g^ 
within a fint or second deviation ) that an MS MO at one of these loations will detect (foward transmission path) 
and/or will be detected (reverse transmission path) by a same collectnn of base stations 122. for eumpie. in a 
COMA context, a first such colleaion may be (for the foorari transmission path) the aaive set of base stations 
122, or, the union of the active and andidate sets, or, the union of the active, candidate and/or remaining sets of. 
base stations 122 deteaed by "most" MSs MO in . Additionally (or alternatively), a second such collection may be 
the base stations 122 that are expected to detect MSs 140 at locations within the subarea. Of course, the union or 
intersection of the first and second colleaions is also within (he scope of the present invention for partitioning the 
radio coverage area 120 according to (d) above. It is worth noting that it is believed that base station 1 22 power 
leveU will be substantially constant. However, even if this b not the case, one or more collections for (d) above 
may be determined empirically and/or by computationally simulating the power output of each base station 1 22 at 
a predetermined level. Moreover, it is also worth mentioning that this step is relatively straightforward to 
implement using the data stored in the loation signature data base 1320 (i.e.. the verified location signature 
clusters discussed in detail hereinbelow). Denote the resulting partition here as P,. 
(23.8.4J) Partition the radio coverage area 120 into subareas, wherein each subarea appears to have substantially 
homogeneous terrain charaaeristia. Note, this may be performed periodically substantially automatically by 
scanning radio overage area images obtained from aerial or satellite imaging. For example, Earth Watch Inc. of 

longmont, CO can provide geographic with J meter resolution from satellite imaging data. Denote the resulting ' 
partition here as P;. 

20 (23-8-4-J) Overlay both of the above partitions of the radio coverage area 120 to obtain new subareas that are 

interseaions of the subareas from each of the above partitions. This new partition is Po (i.e., Pq = P, intersect 
P2), and the subareas of it are denoted as "Pg subareas". 
Now assuming Pj has been obtained, the subareas of Pj are provided with a fint classification or categorization as follows: 
(23.8.4.4) Determine an area type categorization scheme for the subareaj of P,. for example, a subarea. A, of P,, may be 
categorized or labeled according to the number of base sutions 122 in each of the collections used in (23.8.4.1 )(d) 
above for determining subareas of P,. Thus, in one such categorization scheme, each catego^ may correspoml to 
a single number x (such as 3), wherein for a subarea, A, of this category, there is a group of x (e.g., three) base 
stations 122 that are expected to be detected by a most target H$$ 140 in the area A. Other embodiments are also 
possible, such as a categorization Kheme wherein each categ07 may correspond to a triple: of numbers such as 
(5, 2, 1), wherein for a subarea A of this catcgo^, there is a common group of 5 base stations 122 with two-way 
signal deteaion expected with most locations (e.g., within a first or second deviation) within A. there are 2 base 
stations that are expected to be deteaed by a target H$ 140 in A but these base stations can not detect the target 
MS, and there is one base station 122 that is expeaed to be able to detea a Urgct MS in A but not be detected. 
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(23.8.4i) Oetermine an area type ategorization scheme for the subareas of P,. Note that the subareas of may be 
categorized according to their similaritiej. In one embodiment, such categories may be somewhat similar to the 
naive area types mentioned above (e.g^ dense urban, urban, suburban, rural, mountain, etc). However, it is also 
an aspect of the present invention that more precise categorizations may be used, such as a category for all areas 
having between 20,000 and 30,000 square feet of vertical area change per 1 1 ,000 square feet of horizontal area 
and also having a high traffic volume (such a category likely corresponding to a "moderately dense urban" area 
type). 

(23.8-4.6) Categorize subareas of Pq with a categorization scheme denoted the "Pq categorization," wherein for each Pq 
subarea, A, of Pq a "Po area type" is determined for A according to the following sub$t€p(s): 

(a) Categorize A by the two categories from (23.8.4.4) and (23.8.5) with which it is identified. Thus. A is 
categorized (in a corresponding Po area type) both according to its terrain and the base station 
infrastruaure configuration in the radio coverage area 120. 
(23.8.4.7) for each P© subarea. A, of Po perform the following step(s): 

(a) Determine a centroid. C(A), for A; 

(b) Determine an approximation to a wireless transmission path between C(A) and each base sution 122 
of a predetermined group of base stations expeaed to be in (one and/or two-way) signal 
communication with most urget MS 140 locations in A. for example, one such approximation is a 

. straight line between C(A) and each of the base stations 122 in the group. However, other such ' 
appximations are within the scope of the present invention, such as, a generally triangular shaped 
area as the transmission path, wherein a fint vertex of this area is at the corresponding base staition . 
for the transmission path, and the sides of the generally triangular shaped defining the first vertex 
have a smallest angle between them that allows A to be completely between these sides. 

(c) For each base station 122, BSj, in the group mentioned in (b) above, create an empty list. BSi-list. and 

put on this list at least the P,, area types for the "significant" P^ subareas crossed by the 
transmission path between C(A) and BSj. Note that "significant" Pq subareas may be defined as, for 
example, the Po subareas through which at least a minimal length of the transmission path traverses. 
Alternatively, such "significant" Po subareas may be defined as those Pq subareas that additionally 
are know or expected to generate substantial multipath. 

(d) Assign as the transmission area type for A as the collection of BSi-lists. Thus, any other Pq subarea 

having the same (or substantially similar) collection of lists of Pq area types will be viewed as having 
approximately the same radio transmission characteristics. 
Note that other transmission signal charaaeristb may be incorporated into the transmission area types. For example, 
thermal noise diaraaeristics may be included by providing a third radio coverage area 120 partition, Pj, in addition to the paaiiions 
of P| and Pj generated in (23.8.4.1) and (23.8.4.2) respeaively. Moreover, the time va^ing characteristics of (23.8.2) may be 
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inair|»rated ia the transmission area type frame work by generating multiple venions of the transmission area types such tbat the 
transmission area type for a given subarea of nay change depending on the combination of time racing environmental 
characteristics to bo considered in the transmission area types, for instance, to account for seasonality, four venions of the partitions 
Pi and Pi may be generated, one for each of the seasons, and subsequently generate a (potentially) different partition Pj for each 
5 season. Further, the type and/or characteristics of base station 122 antennas may also be included in an embodiment of the 
transmission area type. 

Accordingly, in one embodiment of the present invention, whenever the terra "area type" is used hereinbelow, 
transmission area types as described hereinabove are intended. 

Locat'ion Information Data Bases And Data 

10 Location Data Bases Introduction 

It is an aspect of the present invention that ffi toation processing performed by the lotatw^ 
better at locating a target MS 140 both by (a) building an increasingly more detailed model of the spal diaracteristia of kxations in the 
service area for the present invention, and also (b) by providing cafiabilities for the location amer processing to adapt to enviiomnental 
danges. 

15 One'rayt'Ktt^lKtso'thepresentlnvemionarerealizedisbyprovidingoneormoredatabaseTO^ 
basesfbr: 

(a) storing and assockmg wireless m signal cfaiacterbtics with 

characteristics. Such stored associations m^ not only provide an increasingly better model of the signal charaoeristics of the geography of the' 
service area, but also provide an increasingly better model of more dongeable signal characterinic affcctnig environmental faaors such as 
20 weather, seasons, and^rtrafficpatieins; 

(b) adaptivelyupdatingthes^naldiaracteristicdatastoredsothatitreflecuchangesintheenvironmentoftheM^^^ 
area such as, for example, a new high rise buihling or a new highway. 

Referririg again to Fig. S of the collective representation of these data bases is the location information data bases I23L Included- 
among these data bases is a data base for provkling trailing and/or calibration data to one or more trainabb/calibratable fOMs 1224, as well 

25 as an archival data base for arcliivijig historial MS location informatnn related to the performance of the FOMs. These data bases will be 
discussed as necessary herembetow. However, a further brief introduction to the archival data base is provkied here. Accordingly, the term, 
"location signature data base" is used hereinafter to denote the archival data base and/or data base management system depending on the 
comext of the discussion. The location signature data base (shown in. for example, fig.6 and labeled 1320) is a repositoiy for wireless signal 
characteristic data derived from wireless s^nal communkations between an MS 140 and one or more base stations 1 22, wherein the 

30 corresponding kication of the HS 140 is known and also stored in the location signature data base 1320. Hore particularly, the kiotion 
signature data base 1320 associates each such known MS kxatnn with the wireless signal characteristic data derived from wireless signal 
communitatbns between the MS 140 and one or more base statbns 122 at this MS loatkn. Accordingly, it is an aspert of the present invention 
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to utifae5uchhijtorial MS signal location dataforenhandngtheffl^ 
described in detail in other sections below. 

Data Representations forthe loation Signature Data Base 

There are four finidamentalentitytirpeslorobject classes inanolq^ 
signaturedaialHseBZO. Briefly, these data entities are described in the items (24 J) tfiiou^ 

(241) (verified)locatiDnsignatares: Each $iKh(yerifHHOIocaiionsignatiire describes the wireteo 
bet««nagh«nbasesfi.tion(e45,BSI22orLB$l52)andanMSI40ata(veriftdorta^^^ 
signatm. That i$.ayerified location signatureamespondstoato^ 
wWlesiniplyalocatbnsignaturemayhaveaknownorimbiownto^^ 

signature is also denoted by the abbreviation, "(verified) loc i\f hereinbehw; 

(242) (veriried)loQiionsignatm«dustei5:Eachsuch(verilied)lotaw^ 
signaturescorrespondingtoaBthetaGitionsignaturesbetwenataip^ 

locationand each BS(e.gJ22orlS2)framwhich the largetmMOQndeteathBBS'spilotto^^ 
thet«rgetMSrieJorffiMA.reganllessofwhetheraB$isintheMS^aawe.andidateo^ 
willunderstand).Notethatfdrsinvlidtyhere.itiipresunttdthatEach^^^ 
which die target MS 140 synchronizesor obtains its timing; 

(24J) ''a)nipositebcationobjeds(orentities)": Each such entity is a more general entity.than the verif«d loation signan^^^ 
objectof this type isaa)lieaionof(verifKd) loation signatures that are 

tlie same time and each sudilocsigisassociatedwithadifferent base statmH^^^^ there is no requirement that a loc sig torn each BS 
l22forwhichtheHS I40andeteothe BTs pilot channel is included in the "composite loation objea (or entity)"; a^ 
(244) MStoQtionestimationdatathatindudesMSIoationestimatesoutputbyoneorTO^ 
1224 such MS loation estimate data is described in detail hereinbelow. 

hiwmponan..onotethalaloc«gi,i„on..n*rfi™nt.animtan«oJth.data«rua^ 
<m.p«b)ril«,ign3l filtering and norn«lizing,ul»y«emal«d.noi«i«d^ 

ba««a.i,„l22(BS)a.d(ii)amobile,,atio„MO(HJ).v,h.«i„,h^BS^lKa.icni.kno^ 
(d«n«ga2.S««ndint««li„™.,,„bod-.™ntoftl«pr«eniinr«,ion).during^^ 
data, altogi, the HS location may or may no.be kn»wnJurri«rJornotati««lpur^^^^^ 
d,rBS,,««a,ed^,httelo.dg^andti««HSauodaudwi,htheloc«g-r..peai»el,to^^^^^ 
i« obtained will b« denoted the Toation aswciaied with the loc sig" (this location possibly being unknown). 
In particular, for each (verified) loc sig includes the following 

(25J) MS_type: the make and model of the target m 140 associated with a loation signature instanti^^^ 
140 on atobederived from thi$em.y;e.g, whether NS 140 isahandsetH$.ar-setf1S.oranHSfw 
aJide.foratleastCOMA.thetypeofMSI40pn.videsinforTnationastothBnumber^^ . 
one skilled in the will appreciate. 
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(252) BSJd: an identifiaiion of the base station 122 (or, loation base station 1 52) communicating with the urget MS; 
(25 J) HS_loc; a representation of a geographk location (e.g^ htitude-bngitude) or area repreanting a veriftedAnown H$ location where 
signal chararteristia between the associated (location) base station and MS 140 were received. That is, if the "verified flag" 
. attribute (discussed below) is TRUE, then this attribute includes an estimated location of the target MS. If verified Jag is 
FALSE, then this attribute has a value indicating "location unknown". 

Note "MS Joe" may include the following two subfields: an area within which the target MS is presumed to be, and a 
point location (e^., a latitude and longitude pair) where the target MS is presumed to be (in one embodiment this is the 
centroidofthearea); 

(25.4) verified Jag: a flag for determining whether the ioc sig has been verified; i.e, the value here is TRUE iff a location of MS_loc 
has been verified, FALSE otherwise. Note, if this field is TRUE (i.e., the Ioc sig is verified), then the base station identified by 
6S jd is the current primary base station for the target MS; 

(25i) confidence: a value indicating how consistent this Ioc sig is with other Ioc sigs in the location signature data base 1320; the 
value for this entry is in the range [0, 1 ] with 0 corresponding to the lowest (i.e., no) confidence and I corresponding to the 
highest confidence. That is, the confidence fartor is used for determining how consistent the Ioc sig is with other "simihr** verified 
locsigsinthe locationsignaturedatabase 1320. wherein thegreatertheconfidenceYahtt,tte better the consistency with other Ioc 
sigs in the data base. Note that similarity in this context may be operationaliied by at least designating a geographic proximity of a 
Ioc sig in which to determine if it is similar to other toe sigs in this designated geographic proximity and/or area type (e.g, 
transmission area type as elsewhere herein). Thus, environmental characteristks may also be used in determining similarities such as: 
similar time of occurrence (e.g., of day, and/or of month), similar weather (e.g., snowing, raining, etc). Note, these latter 
characteristia are different (ram the notion of geographic proximity since proximity may be only a dbtance measurement about a ' 
locatnn. Note also that a be sig having a confidence faaor value below a predetermined threshold may not be used in evaluating MS 
location hypotheses generated by the FOMs 1224. 

(2Si) timestamp: the time and date the be sig was received by the associated base station of BS_ki; 

(25.7) signal topography characteristia: In one embodiment, the signal topography charaaeristics retaiircd can be represented as 
characteristics of at least a two-dimensbnal generated surface. That is, such a surface is generated by the signal processing 
subsystem 1220 from signal charaaeristb accumulated over (a relatively short) time interval For example, in the two-dimensional 
surface case, the dimensbns for the generated surface nay be, for example, signal strength and time delay. That is. the 
accumulations over a brief time interval of signal characteristic measurements between the BS 122 and the MS 140 (associated with 
, the Ioc sig) may be classified according to the two signal characteristic dimensions (e.g., signal strength and correspondmg rime 
delay). That is, by sampling the signal characteristia and classifying the samples according to a mesh of discrete cells or bins, 
wherein each cell correspond! to a different range of signal strengths and time delays a tally of the number of samples falling in the 
range of each cell can be maintained. Accordingly, for each cell, its correspond'mg tally may be interpreted as height of the cell, so 
that when the heights of all cells are considered, an undulating or mountainous surface b prt)vided. In particular, lor a cell mesh of 
appropriate fineness, the "mountainous surface", is believed to. under most circumsunces, provide a contour that is substantially 
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unique to the location of the target MS 140. Note that in one embodiment, the sigrai samples are typically obtained througtout a 
predetermined signal sampling time interval of 2-5 seconds as is discussed elsewhere in this specifiation. In particular, the signal 
topography chaiacteristia retained for a be sig include certain topographical characteristia of such a generated mountainous 
surface. For example, each be sig may include: for each taal maximum (of the be sig surface) above a predetermined noise ceiling 
threshold, the (signal strengt^ time delay) cooidiratesof the cell of the tacal maximum and the corresponding height of the loal 
maximum. Additionally, certain gradients may also be induded fordid 

Horeover. note that in some embodiments, a frequency may also be assodated wth eadi loal maximum. Thus, the data retained for 
cadi selected bal maximum can include a quadruple of signal rtrength, time delay, height and frequency. Further twte that the data 
typesheremay vary. Hovrever,forsimpIidty.inpartsofthedescriptbnoftocsigpfD(M 
here, it is assumed that the signal characteristic topography data structure here is a vector; 
(25i) quality_^obj: signal quality (or error) measurements, e.g, Eb/No values, as one skilled in the art will understand; 

(25.9) noise_ceiling: ra)ise ceiling values used in the initial (ikering of noise from the signal topography diaracterisib as provided by the signal 

processing subsystem 1220; 

(25.10) power^tevel: power levels of the base station (e.g^ 122 or 152) and MS 140 for the signal measurements; 

(25.1 1) timing^error an estimated (or maximum) timing error between the present (associated) BS (eg., an infrastructure base station 122 or 

a batron base station 152) detecting the target H$ 140 and the current prima^BS 122 for the target MS 140. NotethatiftheBS • 
122 associated with the be sig b the primary base station, then the value here will be 

(25.12) cluster_ptn a pointer to the bation signature composite entity to which this toe sig bctongs. 

(25.13) rcpeatable: TRUE iff the loc sig is "repeatable" (as described hereinafter). FALSE otherwise. Note that eadi verified loc sig is designated 

as either "repeatable" or "random". A be sig is repeatable if the (verified/known) bcation associated with the toe sig is sudi that r 
signal characteristic measurements between the assodated BS 1 2 and this MS can be either replaced at periodic time intervals, or 
updated substantially on demand by most recent signal diaracteristic measurements between the assocated base station and the 
associated MS 140 (or a comparable MS) at the verified/known batton. Repeatable be sigs may be, for example, provided by 
stationary or faed loadon MSs 140 (e.g.. fued bation transceivers) distributed within certain areas of a geogiaphicai regbn 
serviced by the loatbn center 142 for providing MS bcation estimates. That is. it b an aspea of the present invenrion that each sudi 
stationary MS 140 an be contacted by the bcation center 142 (via the base statbns of the wireless infrastruaure) at substantially 
any time for providing a new colleabn (i^ cluster ) (rf wireless signal doracteristia to be associated with the verified bation for 
the transceiver. Alternatively, repeatable be sigs nay be obtained by. for example, obtaining bcation signal measuremenu manually 
from workers who regularly traverse a predetermined route through some portbh of the radb coverage area; le.. postal workers (as 
will be described in more detail hereinbetow). 

A toe sig is random if the be sig is not repeatable. Random toe sigs are obtained, for example, from verifying a previously unknown 
urget MS locatbn once the MS 140 has been bated. Sudi verifiations may be accompfished by, for example, a vehicle having one or 
more batron verifying devices such as a GPS receiver and/or a manual batwn input apability becoming sufficiently ctose to the 
bated target MS 140 so that the loatbn of the vehide may be assodated widi the wireless signal characteristia of the MS 140. 
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Vehitte having «ich loation deteabn devkfij may indude: (a) vchicfej that travel to loatiom that are primarily for another 
purpose ttan to verify !oc sigj, e^^ police car\ ambuhnces^ fire truda. rescue units, courier services and taxis; and/or (b) vehidex 
whose primal purpose b to verify loc sigs; e^, loation signal olibratbn vehicles. Additbnally, vehides having both wir«less 
transceiven and location verifj^g devices may provide the bcatbn center 142 with random be sigs. Note, a repeatable toe sig may 
become a random be sig if an MS 140 at the toatbn assodated with the be sig becomes undetectaMc such as. for example, when the 
MS 140 is removed from its verified batbn and therefore the loe sig for the bcatbn can not be readily updated. 

Additbnally. note that at least in one embodiment of the signal topography characteristia (25 J) above, sudi a fir« surface may be 
gerarated for the (forward) signals from the base station 122 to the tarpt MS 140 and a ocond sudi surface may be generated for (or 
aherratively, the firrt surface may be enhanced by increasing iu dimensbnafity with) the signab from the MS 140 to the base station 122 
(denoted the reverse signals). 

Additbnally, in some embodiments tte bcatbn hypothesis my indude an estimated error as a measurement of peiteived aauracy 
in addKbn to or ax a substitute for the confidence field discussed hereinabove. Moreover, loatbn hypotheses may also include a text field for 
providing a reason for the values of one or more of the bcatbn hypothesis fields, for example, this text fiekj may provide a reason ax to why 
the confidence value is bw, or provide an indicatbn that the wireless signal meaxuremems used had a taw signal to noise ratb. 

Loe sigs have the following funabns or object methods axswiated therewith: 
(26.1 ) A ''normalization" method for normalizing loe sig data according to the associated MS 140 and/or BS 122 signal processing and 
generating diaraaeristia That is. the signal proceswng subsystem 1220. one embodiment being described in the PQ patent 
applicatbn titled, "Wireless Locatton Using A Plurafity of Commercial Network Infrastructures," by f. W. LeBlanc and the present 
inventor($). provides (methods for be sig objects) for "normaGring" eadi be sig so that variations in signal characterixtio resuking 
fromvariation5in(forcxample)MS$ignalprDcessingarKlgeneratingcharacterto different types of MS's maybereduad. In 
partttular, since wirelexx network designers are typially designing networks for effective use of hand set MS's 140 havir^ a 
substantially common minimum set of performance charaaeristics, the normalizatbn methods provided here transform the be sig 
datasothatitappearsastlwughthebcsigwasprovidedbyacommonhandsetHS 140. flowever, other methods may also be 
provided to "normalize" a loe sig so that it may be compared with be sp obtained from other types of HS's as well. Note that such 
normalizatbn tediniquex include, for example, bttrpolating and extrapolating according to power levels so that be sigs may be 
normafized to the same power level for, C{., comparison purposet 

Normafizatbn for the BS 122 associated with a loc sig is similar to the normafizalbn tar MS signal processing and generating 
characteristics. Just as with the MS normalization, the signal processing subsystem 1220 provides a be sig method for "normalizing" 
loc sigs acconiing to base statran signal processing and generating charaaeristics. 

Note, however, be sigs stored in the bcatbn signature data base 1320 are NOT "normalized" according to ehher MS or 
BS signal processing and generating characteristics. That is. "raw" values of the wireless signal characteristicx are stored with eadi 
be sig in the batbn signature data base 1320. 
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(262) A method for determinir^ the "area tjrpe" corresponding to the signal transmiision characteristia of the area(s) between the associated 

BS 122 and the associated MS 140 location for the loc sig. Note, such an area type may be designated by, for example, the'techniques 
for determining transmission area types as described hereinabove. 

(263) Other methods are comempbted for determinir^ addidonai environmental characteristics of the geographical area between the 

associated BS 122 and tte assocated MS 140 kratipn for the be sig; e.g., a nobe value iirfkating the amount of noce likely in such an 
area. 

Referring now to the composite location objects and veriFfed location signature dusters of (243) and (242) respeaively, the 
folbwing information is contained in these aggregation objects: 

(27.1 .1) an identification of the BS 122 designated as the primary ban station for coramumcating with the target MS 140; 

(27.12) a reference to each loc sig tn the bation signature data base 1320 that is for the same MS toation at substantially the same time with 

the primary BS as identified in (27.1); 

(27.13) an idenofiation of each base station (e.g., 122 and 152) that an be detected by the MS 140 at the time the location signal 

measuremems are obtained. Note that in one embodiment, each composite ioation otjea includes a bit string having a 
corresponding bit for each base station, wherein a "1" for such a bit indicates that the corresponding base station was identified by ' 
the MS, and a **0** indicates that the base station was not identifRd. In an alternative embodiment, additional location signal 
measurements may also be included from other rwn-primary base stations, for example, the target MS 140 may communicate with 
other base stations than it's primary basestation. However, since the timing for the MS 140 is typically derived from it's primary 
base station and since timing synchronization between base stations is not exact (e^., in the case of CDMA, timing variations may be ' 
plus or minus I micraseaind)at least some of the Ioation signal measurements may be less reliable that the measurements from the " 
prima^ base station, unless a forced hand-off technique is used to eEminate system timing enon among relevant base stations; 
(27.1.4) a completeness designation that indiates whether any be sigs for the composite toation object have been removed from (or 
invalidated m) the location signature data base 1320. 

Note, a verified composite toation objea is des^nated as "incomplete" if a be sig initially referenced by the verified composite 
toation object is deleted from the bation signature data base 1320 (e.g.. because of a confidence tfiat is too tow). Further note that if aO toe 
sigs for a composite Ioation objea are deleted, then the composite objert is also deleted from the toation signature data base 1320. Also note 
that common fields between toe sigs referenced by the same composite toatton object may be provitel in the composite toation objea only 
(e{..timestamp.etL). 

Accordingly, a composite loatton objert that is complete (i.e., not incompfete) is a verified toation sigrrature cluster as described in 

(242). 

Location Center Architeaure 
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fig. 5 preienb a higti level diagram of the bcaiion center 142 and the locatbn engine 139 hi the context of the inftastructure for the 
entire location system of the preient invention. 

It is important to note that the architecture forthe locationanter 142 and the loation engme 139 provided by the present 
invention i$ designed forextenjibility and flexibility so that H$ 140 location accuracy and reliability nay be enhanced as furt^^^ 
become available and as enlianted MS location techniques become available. In addressing the design goals of extensibility aid flexibifity, the 
h^ level architeaute for generatii? and processing MS location estimates may be considered as divided into the folbwing high level functional 
groups described hereinbekw. 

Iflw Level Wireless Signal Processing Subsystem for Receiving and Conditioning Wireless Signal Measurements 

A first functional group of location engine 139 modules is for performing signal processing and filtering of MS location signal data 
recewed frem a conventional wireless (tg, CDMA) infrastructure, as disassed in the steps (23.1) and (232) above. This group is denoted the 
signal processing subsystem 1220 herein. One embodiment of such a subsystem is described in the PQ patent application titled. "Wireless' 
Location Using A Phirality of Commercial Hetvrork Infrastructures." by f. W. leBbnc and the present imfentor(s). . 

Initial location Estimators: First Order Models 

A second functional group of loation engine 139 modules is for generating various target MS 140 location initial estimates, as 
described in step (23J), Accordingly, the modules here use input provided by the signal processing subsystem 1220. This second functional • 
group includes one or more signal aialysis modules or models, each hereinafter denoted as a first order model 1224 (f OM). for generating 
loation hypotheses for a target MS 140 to be hated. Note that it s intended that each such FOM 1224 use a different technique lor 
detemiining a loatbn area estimate forthe target MS 140. A brief description of some types of first order models is provided immediately 
bebw. Note that fig. 8 illustrates another, more detail view of the bcaibn system for the present inventbn. In particular, this figure illustrates 
some of the FOMs 1224 contemplated by the present inventbn, and additbnally illustrates the primary communiations with other modules of 
the bacbn system for the present inventbn. However, it is important to note that the presem inventbn is not limited to the FOMs 1 224 shown 
and discussed herein. That is, it is a primary aspect of the present inventbn to easily incorporatef Wis using otter s^l processing and/or 
computatbnal bation estimating technhjues than those (msented herein. Further, note that each FOM type may have a plurality of its models 
incorporated into an embodiment of the present inventbn. 

for«xample,(aswillbede$aibedinfurtherdetail bebw), one such typeof model orFOH 1224 (hereinafter models of this type aiB 
referred to as "distance modeb") may be based on a range or distonce oomputatbn and/or on a base statbn s^nai receptbn angle 
determination between the target MS 140 from each of one or more base statbns. Basially. such distance models 1224 determine a batbn 
esthiHte of the target MS 140 by determining a distaiKE offset from each of one or more base statbns 122, possibly in a particular direabn 
from each (some of) the base statbm, so that an intersectbn of each area locus defined by the base statbn offsets may provide an estimate of 
the fccatbn of the target MS. Distance model FOMs 1224 may compute such offsets based on: 
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(a) signal timing measurements between the target mobile station MO and one or more base stations 122; e^., liming 
measurements such as time differena of arrival (IDOA), or time of arrival (TOA), Note that both forward and revene signal 
path timing measurements may be utifized; 

(b) signal strength measurements (e.g^ relative to powcrcontrol settings of the MS 140 and/or one or more BS 122); and/or • 

5 (c) signal angle of arrival measurements^ or ranges thereof, at one or more base statbns 122 (such angles and/or angular ranges 

provided by,e^, base ^tbnamenna sectors having angubr ranges of I20%r60%r, soalled •'SMART anteraias" with 
variable angular transmissmn ranges of 2^ to 120^. 
Accordingly, a distance model may udfize triangulation or trihteration to compute a location hypothesis having either an area location or a 
point location for an estimate of the target MS 140. Additionally, in some embodimenu loation hypothesis may include an estimated error 
10 Anothertypeof FOM 1224 is a statistblly based first order model I224,wherein a statistical technique, such as regression 

techniques (C4^ least squares, partial feast squares, principle decompositbn). or e.g^ BoUenger Bands (e^., for computing minimum and 
maximum base station offsets). In general, models of this type output location hypotheses detemuned b/ performing one or more statistical 
techniques or comparisons between the verified location signatures in location signature data base 1320, and the wireless signal measuremenu 
from a Urget MS. Models of this type are also referred to hereinafter as a •'stochastic signal (first order) modeP or a "stochastic fOM" or a 
15 "statistical model" 

Still another type of FOM 1224 b an adaptive teaming model, such as an artifrial neural net or a genetic algorithm, wherein the FOM 
may be trained to recognize or associate each of a plurality of locations with a corresponding set of signal characteristics for communicatbns 
between the ta^t MS I40.(at the locatbn) and the base stations 121 Moreover, typically such a FOM is expected to accurately 
imerpobte/extrapohte target MS 140 location estimates from a set of signal I40loation. Models 

20 of this type are also referred to hereinafter variously as "artificial neural net nnidels" or "neural net modeb" or "trainable models" or '* 
"learning models." Note that a related type of FOM 1224 b based on pattern recognton. These FOMs an recognize patterns in the signal 
characteristia of commun'ottons between the target MS 140 (at the location) and the base stations 122 and thereby estimate a loation area 
of the target MS. However, such FOMs may not be trainable. 

Yet another type of FOH 1224 an be based on a colleaion of dispersed low power, low cost fixed location wireless transceivers (also 

25 denoted "tocatton base sutions 1 52" hereinabove) that are provided for detecting a target MS 140 in areas where, e.g., tiiere is insufficient base 
station 1 22 infrastrurture coverage for providing a desired level of MS 140 toation accuracy. For example, it may uneconomial to provide high 
traffic wiretess voice coverage of a typiol wireless base station 122 in a nature preserve or at a fair ground that is only populated a few days out 
of the year. However, if such low cost loation base stations IS2 can be directed to activate and deartivate via the direction of a FOM 1224 of 
the present type, then these location base stations an be used to both loation a target MS 140 and also provide indiations of where the target 

30 MS is not for example, if there are loation base stations 152 populating an area where the target MS 140 is presumed to be. then by aanrating 
these loation base stations 152. evidence may be obtained as to whether or not the target MS is actually in the area; e.g , if the target MS 140 is 
detected by a loation base station 152. then a corresponding loation hypothesis having a loation estimate corresponding to the coverage area 
of the loation base statbn may have a very high confidence value. Alternatively, if the target MS 140 is rwt deterted by a loation base station 
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IS2,tlKnaa)fisspondingloatbnlypotheji$lBvingaIoat«nesti^ 

lBveave7lowconWenttvali]e.llodeljoftlii$typearerefefirttolKfei^^^ 

Yet another type of FOMI224an be tasedon input fromamobilebatt station I48.wte^^ 
from Uijet MS MO loation data received from the mobile base station 148. 

Stillothert)fpesofFOHl224anbebasedonYarioMtediniquesforre<»gnizingwi»Bto 
aaodatingpartiabrpattermwithbcationsinthecoveB^ 120. forettmple.artificial neural networte or other barning models^ 
used as the basil for various foils. 

NotethatthefOMtypamentioMdhereaswtBasotherfOMtypesarediscussedinde^ Moieover.it is Importantto 

keep in mind thatanovelaspeaof the present invention is the simuhaneous use or^^ 
modeb l224.wherei„suchrOMsare not fimited to thosedescribed herein.!^ 
MS locaibn estimators to be subsequently provided as new fOMsinastraightfotw^ 
signalthnedehymeasureraemsfmrnadistributed antenna system forwirelessro^^^^ 
forbcatingatargetMSMOinanendosedarsasenricedbythedwributK^ 
FOH.tke present inventionmay determine the floor ofamuid-story building 
kiatedinthteedimensbnsasingsuthadistributedani«nnaPOH.AdditiDnanyJ0Msfordrt^^ 
example.apublic switched telephone network canatobe used for lootinga^^^^ 
assodated or dcdoted device for each such MS that albwj the MS to tunrtionasaordl^^ 
device detects that the MS is withinsignaiing range. Inone use of suchadevice(alsodenotri 
regijteriwithahome location registerof the public switched telephone netm^ 
cornisponding MS to detecting the HS.orvisave«a.asoneskilled in the art wiUunde^^^ 
MS status in the home bQtionregister.the location engine I39andetermira 
statbn or not.and generate loation hypotheses accordingly. Hore^^^ 
are also within the scope of the pream invention. 

it is iraportam to note the foikiwHig aspectsof the present invention relatii^ to FOMs 1224: 
(28.l)£achsuchfirstordermodell224mayberelativelyeasilyina,rporatedintoa^^^^ forexample. 
assuming that the signal processing subsystem 1220 provides uniform input to the FO^ 
beHevedthatalaT!emajority(ifnotsubstantialIyall)viableMSkKati^^ 
straightforward to add or delete such FOMs 1224. 

(282) Each such fnrtonler model 1224 may be relatively simple and still provide sig^^^ 

Fore«mple.muchof what is befared to be commoner genericmio(atk>n processing has been CM^^ 
hypodKsisevaluat»nsubsystem.denotedthehypothese$evaluau)rl228anddesc^^^ 

modularandextensiblesuchthat.foreample.(andimportantly)differentfirstonlermodebl2M 
signal transmissioncharacteristin of the geographic region serviced by anembodimen^ 

(»nfiguratnnof the present invemionmayhaveasmallnomberof FOMs l224fora5iraple wireless signalew^^^ 
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no urban anyons and kw (lopulatbn density). Ahematively, for compiex wireless signal environnttnc such as in cities like San f randsco, 
Tolcjfo or New Yoric, a large number of FOHs 1224 may be simultaneously utilized for generating H$ location hypotheses. 

An Introduaion to an Evaluator for location Hypotheses: Hypothesu Evaiuator 

A thirtl functional group of bcatbn engine 139 modules evaluates location hypotheses output by the lira order models 1224 and 

thetebyprovidesa-nwstlikely-tatjetHSIocationestimate. The modules for this functional group ate collectively denoted the hypothesis 
evahiatorl228. 

Hypothesis Evaluator Introduction 

A primary purpose of the hypothesU evahiator 1228 is to mitigate conflicts and ambiguities related to locatton hypotheses output by 
thefir3tordermodeIsl224andAetBbyoutp«a"mostBtely"estimateofanWforwhichdjerei$atBq^ inproviding 
this apabifity. there are various relatedembodiments of the hypothesU evaluator that are wfthin the scope of the present inventbn. Since each 
loation hypothesis includes both an MS location area estimate and a corresponding confidence value indicating a pereeived confidence or ' 
likeShood of the taijet MS being within the corresponding location area esttaate, there is a monotonic relationship between MS loation area 
estimates and confidence values. That is, by increasing an MS loation area estimate, the conesponding confidence value may also be increased 
(in an extreme ose.the bationaiea estimate could be the entire coverage area 120 and thus the confidence value may likely correspond to the 
highest level of certainty; Le, + 1.0). Accordingly, given a target HS loation area esthnate (of a loation hypothesb), an adjustment to its 
accuracy may be performed by adjusting the MS loation area estimate and/or the (orrespondi^ 
value is, for example, excesshfely low then the areaestimate may be increased asatechnique for increasing t 
if the estimated area is excessively large, and there is flexibility in the correspomling confideiKe value, then the estimated area may be 
decreasedandtheconfidencevalueal5odecrea5ed.Thm,ifatsomepointintheprDcessingofaloationhyp^^ . 
judged to be more (less) accurate than initially determined, then (i) the confidence value of the locatnn hypothesis an be increased 
(decreased), and/or (ii) the MS loation area estimate an be decreased (increased). 

In a first class of embodimems, the hypothesis evaluator 1228 evaluates loation hypotheses and adjusB p 
confidence values for MS loation area estimates and subsequently uses these MS loation estimates with the adjusted confidence values for 
determining a "most likely" HS batbn estimate for outputting. Accordingly, the HS k)ation area estimates are not substantially modified. 
Alttmatively, in a second class of embod'unems for the hypothesis evahaior 1228. MS lootion area estimates an be adjusted while confidence 
values remain substantially fixed. Of coune, hybrids between the fint two embod'mients an also be provided. Note that the present 
embodiment provided herein adjusts both the areas and the confidence values. 

More particularly, the hypothesis evaluator 1228 may perform any or most of the folkjwing tasks: 
(30.1) it utilizes environmental information to improve and reconcile botion hypotheses supplied by the fiia order models 1224. A basic 
premise in this comext is that the accuracy of the individual first order models may be affeaed by various environmental factors such 
as, for example, die season of the year, the time of day. the weather condittons. the presence of buildings, base station failures, etc; 
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(302) it enhances the accuracy of an initial location hypothesij generated by an f OM by using the initial location hypothesis as, 

essentially, a query or index into the loation signature data base 1320 for obtaining a corresponding enhanced location 
hypothesis, wherein the enhanced location hypothesis has both an adjusted target MS location area estimate and an 
adjusted confidence based on past performance of the fOM in the location service surrounding the target MS loation 
estimate of the initial Ideation hypothesis; 

(303) it determines how well the assocated sigral charaaeristics used for locating a target MS compare with particular verifted loc sigs stored 

in the location signature data base 1320 (see the bam signature data base section for further discussion regarding thb aspea of the 
invention). That is. for a given loation hypothesis, verified loc sigs (which were previously obtamed from one or more verified 
lootionsofoneormoreMrs) are retrieved for an area a)nPBspondir^ to the loation area estinote 
signal chaiacteristb of these verified be sigs are compared with the sigral characterises used to generate the loation hypothesb for 
determining their similaritfes and subsequently an adjustment to the confidence of the toation hypotteis (and/or the size of the 
loation area estimate); 

(30.4) the hypothesis evahrator 1228 determines if (or how weB) such loation hypotheses are consistent with well known physical constraints 
such as the lawsof physia for example, if the difference between a previous (most likely) kration estimate of a target MS and a 
loation estimate by a cunent loation hypothesis requires the MS to: 

(al) move at an unreasonably high rate of speed (e^, 200 mph), or 

(bl ) move at an unreasonabfy high rate of speed for an area (e^., 80 mph in a com patch), or 

(cl).make unreasonably sharp velocity changes (e^., from 60 mph in one direction 

to 60 mph in the opposite diredon in 4 sec), then the confidence in the current Loation Hypothesis is likely to be 
reduced. 

Alternatively, if for example, the difference between a previous loatwn estimate of a target MS and a current toation hypothesis 
indiatesthattheMSis: 

(a2) moving at an appropriate velocity for tile area being traversed, or 
(b2) moving atang an established path (e.g.. a freeway), 
then tiie confidence in tiie current tocation hypothesis may be increased. 
(30i) the hypotiiesfs evaluator 1228 determines consistencies and infflnsister^ies between loation hypotheses obtained from dHfercnt first 
order models, for example, if two such location hypotheses, for substantially the same timestamp, have estimated toation areas 
where die target MS is likely to be and these areas substantially overlap, tiien tiie confidence in both such toatton hypotheses may be 
increased. Additionally, note that a vetocity of an MS may be determined (via deltas of suaessive loation hypotheses from one or 
more first order models) even when there is tow confidence in the loation estimates for die MS. since such deltas may, in some cases, 
be more reliable tiian the actual target MS taatbn estimates; 
(30.6) the hypothesis evaluator 1228 determiires new (more accurate) toation hypotheses from otiier batton hypotheses, for example, this 
module may generate new.hypotheses from currently artive ones by decomposing a location hypothesis having a target MS 
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loQtion estimate interacting two radically different area types. Additionally, this module may generate loation hypotheses 

indicating areas of poor reception; and 
(30.7) the hypothesis evaluator 1228 determines and outputs a most likely loation hypothesis for a target MS. 
Note that the hypothesis evaluator may aaomplish the atm tasks, (30.1 ) - (30.7). by emptoy ing var»us data processing took including, but 
not limited to, fuzzy mathematics, genetic algorithms, neural retworks, expert systems and/or bhckboard systemi 

Note that, as can be seen in F^s. 6 and 7, the hypothesis evaluator 1228 includes the following four high bvel modutes for 
procBssir^ output location hypotheses from the first oider models 1224: a context adjuster 1326, a hypothesb analyzer 1332, an MS status 
repository 1338 and a most Gketihood estimator 1334. These four modules are briefly described hereinbelow. 

Context Adjuster Introduction. 

The context adjuster 1326 module enhances both the comparability and prBdictabifty of the bcatwn lypotheses output by the first 
order models 1224. In particular, this module modiHes tocation hypotheses received from the FOMs 1224 so that the resulting kxatton 
hypotheses output by the context adjuster 1326 may be further processed uniformly and substantially without concern as to differences in 
accuracy between the first onler models from which bcatron hypotheses originate. In providing this capability, the context adjuster 1326 may 
adjust or modify various Gelds of the input kxation hypotheses. In particuhr, feMs giving target MS 140 tacatwn estimates and/or confidence 
values for such estimates may be modified by the context adjuster 1326. Further, this module may determine those factors that are perceived to 
impact the perceived accuracy (e.g., confidence) of the loation hypotheses: (a) differently between FOHs, and/or (b) with substaniol effect 
For instance, environmental chararteristia may be taken into account here, such as time of day, season, month, weather, geographical area 
ategorizations (e^., dense urban, urban, suburban, rural, mountain, etc), area subategorizations (e.g., heavily treed, hilly, high traffic area, 
etc). A detailed description of one embodiment of this module is provided in APPENDIX D hereinbebw. Note that, theembodiment described 
herein is simplified for illustration purposes such that only the geographial area ategorizations are utiKzed in adjusting (i.e., modifying) 
toation hypotheses. But, it is an importam aspect of the present invention that varbus Qtegoraatrons, such as those memioned immediately 
above, may be used for adjusting the loation hypotheses. That is, ategories sidi as, for example: 

(a) urban, hilly, high traffic at 5pm, or 

(b) rural, flat, heavy tree foRage density in summer may be utiFized as one skilled in the art will understand from the descriptions 

contained hereinbebw. 

Accordingly, the present invention is not fimited to the factors explidtly mentroned here. That is, it is an aspea of the present 
invention to be extensible so that other environmental factors of the coverage area 120 affecting the accuracy of toation hypotheses may also 
incorporated into the comext adjuster 1326. 

It is also an important and novel aspea of the context adjuster 1326 that the methods for adjusting toation hypotheses provided in 
this module may be generalized and thereby also utilized.with multiple hypothesis computational architeaures related to various appliations 
wherein a terrain, surface, volume or other "geometric*' interpretation (e.g., a metric space of statistial samples) may be placed on a large 
body of stored applkation data for relating hypothesized data to verifttd data. Moreover, it is important to note that various techniques for 
•^visualizing data" may provide such a geometric interpretatioa Thus, the methods herein may be utilized in appFiations such as: 
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(a) lonar, radar, x-r3y or Wrared identification of otiem such aj OCCUR in roto^ 
geological, and radar imaging. 

Moregeneially.the novelcompuiational|aradigmof the context adjuster 1326 may be utiDzed in a numberofaf^^ 
there baiarge body of archived infonnation providing verified or actual appiiation proassdata related to the pad perfonnance of the 
application pnxESS. 

It b wrth mentioning that the computational paradigm used m the context adjuster 1326 is a hybrid of a hypothesisadjuster ami a 
databasequeiy mechanism, for example, the comext adjuster I326.uses an input (location) hypothesis both as an hypothesis and as a data 
basequeiyorindex imo the bation signature data base 1320 forconjtructingarelated but more am^^ Accordingly, 
substantial advantages are provided by thb hybrid ardiiteaure, such as the followmg two advantages. 

As a first advaraage, the context adjuster 1326 reduces the likeBhood that a feedback mechanism b necessa^ to the initial 
hypothesis generators (ii!, FOHs 1224) forperiodially adjusting default evaluations of the goodness orconfidentB in the hypotheses generated. 
That b, sina eadi hypothesb generated b, in effect, an index into a data base or archive of verified applkadon (e^, ioation) data, the comext 
adjuster 1326. bi turn, generates new corresponding hypotheses based on the actual orverified data retrieved from an archival data base. Thus, 
as a result, thb architecture tends to separate the computatmns of the initiai hypothesb generators (e^, the f OHs 1224 in the present MS 
kration application) from any further piwessing and thereby provide a more modular, maimainable and fkxibie computational system. 

Asa secDffil advantage, the context adjuster 1326 tends tocreate hypodieses that are more accurate than the hypotheses generated 
by the mitial hypotheses generators. That b, lor each hypothesis, H, provided by one of the initial hypothesb generators, 6 (e.g, a f OM 1224). 
aorrespondingenhanced hypothesis, provided by the context adjuster I326,bgenerated by mappingthepastperfonranceofGintothe 
archhredverifiedapplicationdata(aswillbediscussedindetailherefflbelow). In particular, the context adjuster hypothesb generation b based 
on the archived verified (or imown) perfonnance appfeation data that b related to both G and H. for example, in the present wireless badon 
application. ilafOM 1224, G,subaantiallycon$btently generates, in a particular geographical area, location hypodieses that are biased 
approximately lOOO feet north of the aaual verified MS 140 location, then the comext adjuster 1326 can generate corresponding hypotheses 
without thb bias. Thus, tlie context adjuster 1326 tends to filter out inaccuracies in the initially generated hypotheses. 

Therefore in a multiple hypodiesb architecture where typically the generated hypotheses may be evaluated and/or combined for 
pnwiding a "most likely" result, it b believed thata plurality of relatively simple (and possibly inexaa) initial hypothesb gemirators may be 
used in conjunction with the hybrid computational paradigm represented by the context adjuster 1326 for providing enhanced hypotheses with 
substantially greater arcura^. 

ftdditionalfy. note that thb hybrid paradigm applies to other domains that are not geographically based. For instance, thb hybrid 
paradigm applies to many predictwn and/or diagnostic applications for which: 

(a) the appiiation data and the application are dependem on a number of parameters whose values characterize the range 
of outputs for the application. That b, there b a set of parameters, p,, Pj, pj, p» from whkh a parameter sp^^ 
derived whose points characterize die anual and estimated (or predicted) outcomes. As examples, in the H$ location system, p, = latitude 
and p2 = longitude; 
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(b) there b historical data from which points for the parameter space, pixpjxpjx^xp^canbe obtained, wherein this 
data relates to (or indicates) the peifonnaiKe of the appfodon. aid the points obtained from iMs data are relatryef^ dense in the space (at 
least around the Bkety future actual outcomes that the application is expected to predict or diagnose). For example, such historical data may 
associate the predicted outcomes of the application with corresponding actual outcomes; 

(c) there is a metric or distance-fike evaluation function that can be applied to the parameter space for indiating relative 
doseness or accuracy of points in the parameter space, wherein the evaluation function provides a measurement of closeness that b rebted to 
the actual performance of the application. 

Note that there are numerous applications for which the above criteria are applicable. For instance, computer aided 
control of chemical processing plants are likely to satisfy the above criteria. Certain robotic appiicat'rons may also satisfy this criteria. 
In fact, it is believed that a wide range of signal processing applications sathfy this criteria. 

MS Status Repo»to7 Introduction 

The MS status repository 1338 b a run-time storage manager for storing location hypotheses from previous aoivaiions of the 
location engine 139 (as well as for storing the output "most Okely" target MS locatwn estimate(s)) so that a target MS 140 may be tracked 
using ta^et MS bcatwn hypotheses from previous location engine 139 activations to determine, for example, a movement of the target MS 140 
between evaluations of the target MS locatnn. 

Location Hypothesis Analyzer Introduction. 

The locaikjn hypothesb ainlyzer 1332, adjusts confidence values of the loation hypotheses, according to: 

(a) heuristia and/or statistical methods related to how well the signal charaaerbtia for the generated target MS tocation hypothesb 

matches with previously obtained signal characteristic for verified MS ta^ 

(b) heuristics related to how consbtent the locatbn hypothesb b with physical laws, and/or highly probable reasonableness conditkim 

rebting to the kKation of the target MS and its movement charaaeristia for example, such heuristb may utiike knowledge of 
the geographical terrain in which the MS is estimated to be. and/or, for instance, the MS vebcity, acceleration or extrapobtion of 
an MS position, vetocity, or acceleratioa 

(c) generation of additional bcation hypotheses whose MS tocations are consiaent with» for example, previous estimated krations for 

the target MS. 

As shown in Figs. 6 and 7, the hypothesb analyzer 1332 module receives (potentially) modified bcation hypotiieses from the context 
adjuster 1326 and performs additional location hypothesb processing that is likely to be common and generic in analyzing most botion 
hypotheses. More specifically, the hypothesb analyzer 1332 may adjust either or both of the target MS 140 estimated location and/or tfie 
confidence of a bcation hypothesb. In brief, the hypothesb analyzer 1332 receives target MS 140 bcation hypotheses from the context analyzer 
1336, and depending on the tinn stamps of newly received loation hypotiieses and any previous (i*., oWer) target MS bcation hypotiieses tiiat 
may still be currently available to the hypothesb analyzer 1332, the hypothesb analyzer may: 
(a) update some of the oMer hypotheses by an extrapobtbn module. 
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(b) utlliie ioim of the oU hypotheses as prevbus target M$ estimates for use in tracking the tarjet MS 140, and/or 

(c) if sufTicientl/ old, then delete the older location hypotheses. 

Note that both the newly received location hypotheses and the previous bcatbn hypotheses that are updated (i.e, extrapolated) 
and still remain in the hypothesis analyzer 1332 will be denoted as "current location hypotheses" or "currently aaive loation hypotheses". 

The modules within the location hypothesis analyzer 1332 use various types of appTication spedHc knowledge likely substantially 
independent from the computations by the fOMs 1224 when providing the corresponding 0^^^^ 

of at least one embodiment of the present invention that the FOMs 1224 be relatively straightfoiwani so that they may be easily to modified as 
well as added ordeleted, the procMsing. lor example, in the hypothesis analyzer 1332 (as with the context adjuster 1326) is intended to 
comperaaie, when necessa^.for this straightforwardness by providingsubstantial^ 

a greater breadth of application underaanding retted to wireless signal characteristia of the coverage area 120. 

Accordingly, the hypothesis analyzer 1332 may apply various heuristiathat. for example, change the confidence in a baton 
hypothesis depending on how weO the locubn hypothesis (and/or a series of bcatnn hypotheses from e.g, the same f OM 1224): (a) oonbtms 
with the laws of physia, (b) conforms with bnwn charaaeristki of bation signature clusten in an area of the taation hypothesis MS 140 • 
estimate, and (c) conforms with highly Tiktly heuriak constraint biowfedge. in particular, as illustrated best in Fig. 7, the bcatbn hypothesis 
analyzer 1332 may utilize at least one of a blackboard system and/or an expert system for applying various appliatbn specific heuristiato the 
bcatbn hypotheses output by the context adjuster 1326. More precisely, the bcation hypothesis analyzer 1332 includes, in one embodiment, a 
blackboard manager for managing processesand dataof a bhckboairf system. Additbnally. note that in a second embodiment, where an 
expert system is utilized insteadof a blackboard system, the bcatbn hypothesb analyzer provWes an expert system inference engine forthe 
expertjystem. Note that additbnal detail on these aspects of the inventron ate provided hereinbetow. 

Mditbnally, note that the hypothesis analyzer 1332 may arfrvate one or more extrapolatbn procedures to extrapolate target MS 
140 bcation hypotheses already processed. Thus, whenoneorraore new bcatbn hypotheses are supplied (by the context adjuster 1224) having 
a substantially more recent timestamp. the hypothesis analyzer may invoke an extrapolatbn module (i*, bcation extrapobtor 1432, fig. 7) for 
adjusting any prevbus bcatbn hypotheses for the same target MS 140 that are still being used by the bcatbn hypothesis analyzer so that all 
target MS btatbn hypotheses (forthe same target MS) being concurrently analyzed are presumed to be for substantially the same time. 
Accordingly, suchaprevbus bcatbn hypothesis that is. for example. IS seconds oWer than a newly suppSed bcatbn hypothesis (from perhaps 
a different FOM 1224) may have both: (a) an MS bcatbn estimate changed (e^, to account for a movement of the target MS), and (b) its 
confidence changed (e.g., to reflect a reduced confidence in the accuracy of the btatbn hypothesis). 

It b important to note that the architecture of the present invention is such that the hypothesis analyzer 1332 has an extensible 
architecture. That is, additbnal bcatbn hypothesb analysb modules may be easily integrated into the hypothesb analyzer 1332 as further 
undeiitanding regarding the behavbr of wireless signals within the service area 120 becomes available. Convetsly, some analysb modules may 
not be required in areas having relatively predictable signal patterns. Thus, in such service areas, such unnecessary modules may be easily 
removed or not even devebped.. 

Most Likelihood Estimator Introduction 
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The mojt likelihood ejtirrator 1344 b a module for determining a "mort likely- loation estimate fora target HS being bcated by 
the bation engine 139. The most likelihood esdnator 1344 receives a collection of active or refevant location hypotheses from the hypothesis 
analyzer 1332 and uses these tocation hypotheses to detemine one or more most likely estimates for the target MS 140. Still referring to the 
hypothesis evaluator 1228, it is important to note ttet not all the above mentraned modules are required in all embodiments of the present 
5 invembn. In particular, for some coverage areas 120. the hypothesis analyzer 1332 may be unnecessaiy. Accordingly, in such an embodiment, 
the enhanced kjcadon hypothesis output by the context adjuster 1326 are provided directly to the most likelihood estimator 1344. 

Control and Output Gating Modules 

A fourth functional group of location engine 139 modules b the control and output gating modules which includes the tocatwn 
center control subsystem 1350, and the output gateway 1356. The locatbn control subsystem 1350 provides the highest level of control and 
10 monitoring of the data processing performed by the location cemer 142. In particular, this subsystem performs the foHowing functbns: 

(a) controls and monitors tocation estimating processing for each target MS 140. Note that this includes high level exception or 

error handling functnns; 

(b) receives and routes external infonnation as necessary, for instance, this subsystem may receive (via, e.g, the public telephone 

switching network and Internet 1362) such environmental informatbn as increased signal noise in a particular service are due 
15 to increase traffic, a change in weathercondrtions, a base statkin 122 (or 

operatnn status (e{., operational to inactive); 

(c) receives and directs tocation processing requests from other locatran centers 142 (via, e.g., the Internet); 

(d) performs accounting and billing procedures; 

(e) interacts with locatkjn center operators by. for example, receiving operator commands and providing output indicative of 
20 processing resources being utilized and malfunctbns; 

(0 provides access to output requirementt for varbusapplicatwns requesting loQto^ forexample.an Internet locatkin 
request from a trucking company in Los Angeles to a tocation center 142 in Denver may only want to know if a particular truck 
or driver is within the Denveraraa. Alternatively, a bcal medical rescue unit is likely to request a precise a bation estimate as 
possible. 

25 Note that in Pig. 6 (a) - (d) above are, at least at a high level, performed by utiDzing the operator interface 1374 . 

Referring now to the output gateway 1356, this module routes target MS 140 Ixation estimates to the appropriate locatbn 
application{s). For instance, upon receiving a loatbn estimate from the most likelihood estimator 1344. the output gateway 1356 my 
determine ttai the locatbn estimate is for an automobile being trucked by the police and therefore must be provided mmt be provided 
according to the particular protocol 
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System Tuning and Adaptation: The Adaptation Engine 

A fifth functional group of locaiion engine 139 moduta provides the ability to enhance the H$ locating reliability and/of accuracy of 
the present invention by providing it with the apability to adapt to particular operating configurationj, operating conditions and wireless 
signaling environments without performing intensive manual analysis of the perfomiance of various embodiments of the loation engine 139. 
Ttet is, this functional group automatically enhances the performance of the location engine for locating HSs 140 within a particubr cover^ 
area 120 using at least one wireless network infrastniciure therein. More precisely, this functional group albws the present invention to adapt 
by tuning or optimizing certain system parameters according to location engine 139 location estinate accuracy and rcliabirity. 

There are a number loation engine 139 system parameters whose values affea loation estimation, and it is an aspect of die present 
invention that the HS taation processing performed should become increasingly better at tocat'mg a target MS MO not only through building an 
increasing^ more detailed model of the signal characteristiaof location in the coverage area 120 such as discussed above regarding the 
location signature data base 1320, but also by providing automated apabJities for tte loation center processing to adapt by adjusting or 
**tuning'* the values of such loation center system parameters. 

Aabrdingly, the present invention inchdes a module, denoted herein as an "adaptation engine" 1382, that performs an 
optimization procedure on die location center 142 system parameters either periodiaify or concurremly with the operation of the loation 
center in estimating MS loations. That is, the adaptation engine 1382 directs tfie nwdifotions of tiie system parameters so that tiie loation 
engine 139 increases in overall accuracy in bating target HSs 140. In one embodiment, tiie adaptation engine 1382 includes an embodiment of 
a genetic algorithm as the mechanism for modifpng the system parameter! Genetic algorithms are basially search algorithms based on the 
mechanics of natural genetia The genetic algorithm utilized herein is included in the form of pseudo code in APPENDIX B. Mote that to apply 
thh genetic algorithm in the context of the bation engine 139 architecture only a "coding scheme" and a "fitness funaion" are required as one 
skilled in the art will appreciate. Moreover, it is also within the scope of the present invention to use modified or drffereni adaptive ami/or 
tuning mectenisms. for further information regarding such adaptive mechanisms, the following references are incorporated herein by 
reference: Goldberg, D. E. (1989). Genetic algorithms for search, optimizatbn, ami machine learning. Reading,^ Addison-Wesley 
Publishiiig Company; and Holland,]. H. (I97S) Adaptation in natural and artificial systems. AnnArbor.HI: The Univenity of Michigan Press. 

Implementations of First Order Models 

further descriptions of various first order models 1224 are provided in this section. 

Distance First Order Models (TOA/IDOA) 

As discussed in the Location Center Architecture Overview section herein above, distance models determine a presumed 
direaion and/or distance that a target MS 140 is from one or more base stations 122. In some embodiments of distance models, the 
Urget MS loation estimate(s) generated arc obtained using radio signal analysis techniques that are quite general and therefore are 
not apable of taking into account the peculiarities of the topography of a particular radio coverage area. For example, substantially 
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all radio signal analysis techniques using conventional procedures (or formulas) are based on -signal characterisiic measurements" 
such as: 

(a) signal liming measurementt (e.g.. TOA and TDOA), 

(b) signal strength measurements, and/or 
5 (c) signal angle of arrival measurements. 

Furthermore, such signal analysis techniques are likely prediated on certain veiy general assumptions that can not fully account for 

signal attenuation and multipath due to a particular radio coverage area topography. 

Taking CDMA or TDMA base station network as an example, each base station (BS) 122 is required to emit a constant 

signal-strength pilot channel pseudo-noise (PN) sequence on the forward link channel klentified unk|uely in the network by a pilot 
10 sequence offset and frequency assignment It is possible to use the pilot channels of the active, candidate, neighboring and remaining 

sets, maintained in the target MS, for obtaining signal characteristic measurements (e.g., TOA and/or TDOA measurements) between 

the target MS MO and the base suttons in one or more of these sets. 

Based on such signal charaaeristic measurements and the speed of signal propagation, signal charaaeristic ranges or 

range differences related to the location of the target MS MO can be calculated. Using TOA and/or TDOA ranges as exemplary, these 
15 ranges can then be input to either the radius-radius multilateration or the time difference multilateration algorithms along with the 

known positions of the corresponding base stations 122 to thereby obtain one or more location estimates of the target MS 140. For 

example, if there are. four base stations 122 in the active set. the target MS MO may cooperate with each of the base stations in this 

set to provide signal arrival time measurements. Accordingly, each of the resulting four sets of three of these base stations 122 may 

be used to provide an estimate of the target MS MO as one skilled in the art will understand. Thus, potentially (assuming the 
20 measurements for each set of three base stations yields a feasible location solution) there are four estimates for the location of the 

target MS 140. Further, since such measuremenu and BS 122 positions can be sent either to the network or the target MS 140, 

loation can be determined in either entity. 

Since many of the signal measurements utilized by embodiments of distance models are subject to signal attenuation and 

multipath due to a particular area topography. Many of the sets of base stations from which target MS loation estimates are desired 
25 may result in either no tocation estimate, or an inaccurate location estimate. 

Accordingly, some embodimenu of distance f OMs may attempt to mitigate such ambiguity or inaccuracies by, e.g., 

identifying discrepancies (or consistencies) between arrival time measurements and other measurements (e.g., signal strength), these 

discrepancies (or consistencies) may be used to filter out at least those signal measurements and/or generated location estimates that 

appear less accurate, in particular, such identifying may filtering can be performed by, for example, an expert system residing in the 
30 distance FOM.. 

A second approach for mitigating such ambiguity or conflicting MS location estimates is particularly novel in that each of 
the target MS location estimates is used to generate a location hypothesis regardless of iu apparent accuracy. Accordingly, these 
location hypotheses are input to an alternative embodiment of the context adjuster 1326 that is substantially (but not identiai to) 
the context adjuster as described in detail in APPEHDIX D so that each location hypothesis may be adjusted to enhance its accuracy. 
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In contradistinction to the embodiment of the context adjuster 1326 of APPENDIX 0, where each location hypothesij i$ adjusted 
according to past performance of its generating f OM 1224 in an area of the initial loation estimate of the location hypothesis (the 
area, e.g., determined as a function of distance from this initial location estimate), this alternative embodiment adjusts each of the 
location hypotheses generated by a distance first order model according to a past performance of the model as applied to signal 
charaaeristic measuremenu from the same set of base stations 122 as were used in generating the location hypothesis. That is, 
instead of only using.only an identiHcation of the distance model (i.e., its FOM_IO) to, for example, retrieve archived location 
estimates generated by the model in an area of the location hypothesis' estimate (when determining the model's past performance), 
the retrieval retrieves only the archived location estimates that are, in addition, derived from the signal characteristics measurement 
obtained from the same collection of base stations 122 as was used in generating the location hypothesis. Thus, the adjustment 
performed by this embodiment of the context adjuster 1326 adjusu according to the past performance of the distance model and the 
collection of base stations 122 used. 

Coverage Area First Order Hodel 

Radio coverage area of individual base stations 1 22 may be lised to generate location estimates of the target MS 140. 
Although a first order model 1224 based on this notion may be less accurate than other techniques, if a reasonably accurate Rf 
coverage area is known for each (or most) of the base nations 122, then such a fOH (denoted hereinafter as a "coverage area first 
order modej-^or simply "coverage area model") may be ve^ reliable. To determine approximate maximum radio frequency (Rf) 
location coverage areas, with respect to BSs 122. antennas and/or sector coverage areas, for a given dais (or classes) of (e.g., CDMA 
or TDMA) mobile station($) 140. location coverage should be based on an HS's ibihty to adequately detect the pilot channel, as 
opposed to adequate signal quality for purposes of carrying user-acceptable traffic in the voice channel Note that more energy is 
necessa7 for traffic channel aaivity (typically on the order of at least -94 to -1 04 dBm received signal strength) to suppon voice, 
than energy needed to simply detect a pilot channel's presence for loation purposes (typically a maximum weakest signal strength 
range of between -104 to -1 10 dBm). thus the "Location Coverage Area" will gemiraUy be a larger area than that of a typical "Voice 
Coverage Area", although industry studies have found some occurrences of "no^overage" areas within a larger covered area. An 
example of a coverage area including both a "dead zone". i.e.. area of no coverage, and a "notch" (of also no coverage) is shown in 
Fig. 15. 

The approximate maximum RF coverage area lor a given sector of (more generally angular range about) a base station 122 
may be reprtisented as a setof points representing a polygonal area (potemially with, e.g., holes therein to account fordead zones 
and/or notches). Note that if such polygonal RF coverage area representations can be reliably determined and maintained over time 
(for one or more BS signal power level settings), then such representations can be used in providing a set theoretic or Venn diagram 
approach to estimating the location of a target MS 140. Coverage area first order models utilize such an approach. 
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One embodiment, a coverage area model utilizes both the deteaion and non-detection of base stations 122 by the target 
MS 140 (comrersely, of the MS by one or more base stations 122) to define an area where the target MS 140 may likely be. A relatively 
stratghtfonvard application of this technique is to: 

(a) find ail areas of intencction for base station RF coverage area representations, wherein: (i) the corresponding base 

stations are on-line for communicating with MSs 140; (ii) the Rf coverage area representations are deemed reliable 
for the power levels of the on-line base stations; (iii) the on-line base stations having reliable coverage area 
represenutions can be detected by the target MS; and (iv) each interseaion must include a predetermined number of 
the reliable RF coverage area representations (e.g^ 2 or 3); and 

(b) obtain new location estimates by subtracting from each of the areas of interseaion any of the reliable RF coverage area 

representations for base stations 122 that can not be detetted by the target MS. 
Aaordingly. the new areas may be used to generate location hypotheses. 

Location Base Station First Order Model 

In the location base station (LBS) model (f OH 1224), a database is accessed which contains elearical, radio propagation 
and coverage area charaaeristics of each of the location base stations in the radio coverage area. The LBS model is an artive model, 
in that it can probe or excite one or more particular IBSs IS2 in an area for which the target MS 140 to be looted is suspected to be 
placed. Accordingly, the LBS model may receive as input a most likely target MS 140 location estimate previously output by the 
tocation engine 139 of the present invention, and use this loation estimate to determine which (if any) LBSs 1S2 to activate and/or 
deaaivate for enhancing a subsequent location estimate of the target MS. Moreover, the feedback from the activated LBSs IS2 may 
be provided to other f OHs 1224. as appropriate, as well as to the LBS model However, it is an important aspect of the LBS model 
that when it receives such feedback, it may output loation hypotheses having relatively small target MS 1 40 location area estimates 
about the active LBSs 152 and each such location hypothesis also has a high confidence value indicative of the target MS 140 
positively being in the corresponding location area estimate (e.g., a confidence value of .9 to + 1), or having a high confidence value 
indicative of the target MS 140 not being in the corresponding location area estimate (i.e.. a confidence value of -0,9 to - 1 ). Note 
that in some embodiments of the LBS model, these embodiments may have functionality similar to that of the coverage area first 
order model described above, further note that for LBSs within a neighborhood of the target MS wherein there is a reasonable chance 
that with movement of the target MS may be detected by these LBSs. such LBSs may be requested to periodically aawate. (Note, that 
it is not assumed that such LBSs have an on-line external power source; e.g.. some may be solar powered). Moreover, in the case . 
where an LBS 152 includes sufficient electronia to carry voice communication with the target MS 140 and is the primary BS for the 
target MS (or alternatively, in the artive or andidate set), then the LBS model will not deaaivate this particular LBS during its 
procedure of aaivating and deartivating various LBSs 152. 
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The rtochajtic first order models may use statistial prediaion techniques such as principle decomposition, panial least 
squares, partial least squares, or other regression techniques for prediaing, for example, expected minimum and maximumdistances of the 
taipt MS from one or more base stations 122, e^, Bollenjer Bands. Additionally, some embodiments may use Markov processes and 
Random Walte (predicted incremental MS movement) for determining an expected area within which the target MS 140 is likely to be. 
That is, such a process measures the incremental time differences of each pilot as the MS moves forprediaing a size of a location area 
estimate using past MS estimates such as the verified location signatures in the tocatian signature data base 1320. 

Pattern Recognition and Adaptive First Order Models 

It is a particularly important aspect of the present invention to provide: 

(a) one or more fOHs 1224 that generate target MS 140 location estimates by using pattern recognition or associativity 

techniques, and/or 

(b) one or more FOMs 1224 that are adaptive or trainable so that such FOMs may generate increasingly more accurate 

target MS location estimates itqm additional training. 

Statistically Based Pattern Recognition First Order Models 

Regarding f OMs 1224 using pattern recognition or associativity technk|ues. there are many such techniques available. For 
example, there are statistically based systems such as "CART" (anacronyra for Classification ami Regressbn Trees) by ANGOSS 
Software International Umited of Toronto, Canada that may be used for automatically for deteaing or recognizing patterns in date 
that were unprovided (and likely previously unknown). Accordingly, by imposing a relatively fine mesh or grid of cells of the ladb 
coverage area, wherein each cell is entirely within a particular area type categoriiation such as the transmission area types (discussed 
in the section. "Coverage Area: Area Types And Their Determination" above), the verified location signature clusters within the cells 
of each area type may be analyzed for signal characteristic patterns! If such patterns are foumi, then they can be used to identify at 
hast a Bkely area type in which a target MS is likely to be located. That is. one or more location hypotheses may be generated having 
taiiet MS 140 location estimates that cover an area having the likely area type wherein the target MS 140 is looted. Further note 
that such statistically based pattern recognition systems as "CART" include software code generators for generating expert system 
software embodiments for recognizing the patterns detected within a training set (e.g.. the verified bcation signature clusters). 

Accordingly, although an embodiment of a FOM as described here may not be exceedingly accurate, it may be ve7 reliable. 
Thus, since a fundamental aspect of the present invention is to use a plurality MS location techniques for generating location 
estimates and to analyze the generated estimates (likely after being adjusted) to detect patterns of convergence or clustering among 
the estimates, even large MS location area estimates are useful. For example, it can be the case that four different and relatively laije 
MS location estimates, each having very high reliability, have an area of intersection that is acceptably precise and inheriu the very 
high reliability from each of the large MS location estimates from which the interseaion area was derived. 
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A similar statistically based FOH 1224 to the one above may be provided wherein the radio coverage area is decomposed 
substantially as above, but addition to using the signal characteristics for deteaing useful signal patterns, the specific identifications 
of the base station 122 providing the signal characteristics may also be used. Thus, assuming there is a sufficiem density of verified 
location signature clusters in some of the mesh cells so that the statistical pattern recognizer can detect patterns in the signal 
characteristic measurements, an expert system may be generated that outputs a target MS 140 location estimate that may provide 
both a reliable and accurate location estimate of a target MS 140. 

Adaptive/Trainable First Order Models 

Adaptive/I rainable first Order Models 

The term adaptive is used to describe a data processing componem that can modify its dau processing behavior in 
response to certain inputs that are used to change hov/ subsequent inputs are processed by the component Accordingly, a data 
processing component may be "expDcitly adaptive" by modifying its behavior according to the input of explicit instruaions or control 
dau that is input for changing the component's subsequent behavior in ways that are piedktable and expected. That is, the input 
encodes explicit instruaions that are known by a user of the component. Alternatively, a data processing component may be 
"implidtly adaptive" in that its behavior is modified by other than instruaions or control data whose meaning is known by a user of 
the component. For example, such irapncitly adaptive data processon may learn by training on examples, by substantially unguided 
exploration of a solution space, or other data driven adaptive strategies such as statistically generated decision trees. Accordingly, it 
a an aspea of the present invention to utilize not only explicitly adaptive MS location estimators within FOHs 1224. but also 
implicitly adaptive MS lootion estimators. In particular, artificial neural mstworks (also denoted neural mits and ANNs herein) are 
UMd in some embodimenu as implicitly adaptive MS location estimators within FOMs. Thus, in the seaions below, neural net 
architectures and their application to locating an MS is described. 

Artificial Neural Networks For MS Location 

Artificial neural networks may be particularly useful in developing one or more first order models 1224 for toting an MS 
140, since, for example, ANNs can be trained for classifying and/or assodativeiy pattern matching of various RF signal measuremems 
such as the Idation signatures. That is, by training one or more artificial neural nets using RF signal measuremenu from verified 
locations so that RF signal transmissnns characteristics indicative of particubr locations are associated with their corresponding 
locations, such trained artificial neural nets an be used to provide additional target MS 140 location hypotheses. Moreover, it is an 
aspect of the present invention tliat the training of such artificial neural net based FOHs (ANN FOHs) is provided without manual 
intervention as will be discussed hereinbelow. 
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Artificial Neural Networks That Converge on Near Optimal Solutions 

It is as an aspert of the present invention to use an adaptive neural network architecture which has the ability to explore 
the parameter or matrix weight space corresponding to a ANN for determining new configurations of weights that reduce an objeaive 
or error function indicating the error in the output of the ANN over some aggregate set of input data ensembles. Accordingly, in one 
embodiment, a genetic algorithm is used to provide such an adaptation capability. However, it is also within the scope of the present 
invention to use other adaptive techniques such as. for example, simulated annealing, cascade correlation with muitistarts. gradient 
descent whh multistarts. and truncated Newton's method with multistarts. as one skilled in the art of neural network computing will 
understand. 

Artificial Neural Networks as MS Loation Estimaton for First Order Models 

Although there have been substantial advances in artificial neural net computing in both hardware and software, it can be 
difficult to choose a particular ANN architeaure and appropriate training data for yielding high quality results. In choosing a ANN 
architeaure at least the following three criteria are chosen (either implicitly or explicitly): 

(a) a learning paradigm: i.e., does the ANN require supervised training (i.e.. being provided with indications of correa and 

incorrect performance), unsupervised training, or a hybrid of both (sometimes referred to as reinforcement); 

(b) a collection of learning rules for indicating how to update the ANN; 

(c) a learning algorithm for using the learning rules for adjusting the ANN weights. 
Furthermore, there are other implementation issues such as: 

(d) how many layers a artificial neural net should have to effeaivety capture the patterns embedded within the training 

data. For example, the benefits of using small ANN are many, less costly to implement, faster, and tend to generalize . 
better because they avoid overfitting weights to training patterns. That is. in general, more unknown parameters 
(weights) induce more local and global minima in the error surface or space. However, the error surface of smaller 
nets can be very rugged and have few good solutions, making it difficult for a local minimization algorithm to find a 
good solution from a random starting point as one skilled in the art will understand; 

(e) how many units or neurons to provide per layer; 

(0 how large should the training set be presented to provide effertrve generalization to non-training data 
(g) what type of transfer funaions shouM be used. 

However, the architeaure of the present imrention allows substantial flexibility in the implementation of ANN for FOMs 
1224, In particular, there is no need to choose only one artificial neural net architecture and/or implememation in that a plurality of 
ANNS may be accommodated by the architecture of the location engine 139. Furthermore, it is important to keep in mind that it may 
not be necessary lo train a ANN for a FOH as rigorously as is done in typical ANN applications since the accuracy and reliability in 
estimating the location of a target MS 140 with the present invention comes from synergistically utilizing a plurality of different MS 
location estimators, each of which may be undesirable in terms of accuracy and/or reliability in some areas, but when their estimates 
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are Jirnergistically used as in the location engine 139, accurate and reliable loaiion estimates an be attained. Accordingly, one 
embodiment of the present imrention may have a plurality of moderately well trained ANNs having different neural net architeaures 
such as: multilayer percepirons, adaptive resonance theory models, and radial basis function networta. 

Additionally, many of the above mentioned ANN architeaure and implemenution decisions can be addressed substantially 
5 automatically by various commercial artificial neural net development systems such as: •'NEUROGENETIC OPTIMIZER" by BioComp 
Systems, wherein genetic algorithms arc used to optimize and configure ANNs, and artificial neural network hardware and software 
products by Accurate Automation Corporation of Chattanooga, Tennessee, such as "ACCURATE AUTONATION NEURAL NETWORK 
TOOLS. 

Artificial Neural Network Input and Output 

It is worthwhile to discuss the data representations for the inputs and outputs of a ANN used (or generating MS loatioh 
estimates. Regarding ANN input representations, recall that the signal processing subsystem 1220 may provide various Rf signal 
measurements as input to an ANN (such as the RF signal measuremenu derived from verified location signatures in the location 
signature data base 1320). For example, a representation of a histogram of the frequency of occurrence of CDMA fingers in a time 
delay vs. signal strength 2-dimen$ional domain may be provided as input to such an ANN. In particular, a 2^iimen$ional grid of 

1 5 signal strength venus time delay bins may be provided so that received signal measurements are slotted into an appropriate bin of 
the grid. In one embodiment, such a grid is a six by six array of bins such as illustrated in the left portion of Fig. 14. That is. each of 
the signal strength and time deby axises are partitioned into six ranges so that both the signal strength and the time delay of RF 
signal measurements an be slotted into an appropriate range, thus determining the bin. 

Note that RF signal measurement data (i.e.. location signatures) slotted into a grid of bins provides a convenient 

20 mechanism for classifying Rf measurements received over time so that when each new RF measurement data is assigned to its bin, a 
counter for the bin can be incremented. Thus in one embodiment, the Rf measurements for each bin can be represented piaorially as 
a histogram. In any case, once the RF measurements have been slotted into a grid, various filten may be applied for filtering outliers 
and noise prior to inputting bin values to an ANN. Further, various amounts of data from such a grid may be provided to an ANN. In 
one embodiment, the tally from each bin is provided to an ANN. Thus, as many as 108 values could be input to the ANN (two values 

25 defining each bin, and a tally for the bin). However, other representttions are also possible. For instance, by ordering the bin tallies 
linearly, only 36 need be provided as ANN input Alternatively, only representations of bins having the highest tallies may be 
provided as ANN input. Thus, for example, if the highest 10 bins and their tallies were provided as ANN input, then only 20 inputs 
need be provided (i.e., 10 input pairs, each having a single bin identifier and a corresponding tally). 

In addition, note that the signal processing subsystem 1220 may also obtain the identifications of other base stations 122 

30 (IS2) for which their pilot channels can be deteaed by the target MS 140 (i.e.. the forward path), or for which the base stations can 
detea a signal from the target MJ (i.e.. the revene path). Thus, in order to effeaively utilize substantially all pertinent location RF 
signal measurements (i.e.. from location signature data derived from communications between the target MS 140 and the base station 
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infrasiruaurc), a technique h provided wherein a plurality of ANN$ may be aaivated using various portions of an ensemble o( 
loation signature data obtained. However, before describing this technique, it is worthwhile to note that a naive strategy of 
providing input to a single ANN for locating target HSs throughout an area having a large number of base stations (e.g., 300) is likely 
to be undesirable. That is. given that each base station (antenna sertor) nearby the target MS is potentially able to provide the ANN 
with location signature data, the ANN would have to be extremely large and therefore may require inordihate training and 
retraining. For example, since there^ may be approximately 30 to 60 ANN inputs per location signature, an ANN for an area having 
even twenty base stations 122 can require at least 600 input neurons, and potentially as many as 1 .420 (i.e.. 20 base stations with 70 
tnpuu per base station and one input for eve^ one of possibly 20 additional surrounding base stations in the radio coverage area 120 
that might be able to detect, or be deterted by, a target MS MO in the area corresponding to the ANN). 

Accordingly, the technique described herein limits the mimberof input neurons in each ANN constructed and generates a 
larger number of these smaller ANNs. That is, each ANN is trained on location signature dati (or, more precisely, portions of location 
signature clusters) in an area A^nn (hereinafter also denoted the "net area"), wherein each input neuron receives a unique input from 
either 

(Al) location signature data (e.g., signal strength/lime delay bin tallies) corresponding to transmissions between an MS 140 and a 
relatively small number of base stations 122 in the area A^^n for instance, location signature data obtained from, ifor example, 
four base stations 122 (or antenna seaon) in the area k^^., Note, each loation signature data cluster includes fields 
describing the wireless communication devices used; e.g.. (i) the make and model of the target MS; (ii) the current and 
maximum transmission powen (iii) the MS battery power (instanuneous or current); (iv) the base station (sector) current 
power level; (v) the base station make and model and revision level; (vi) the air interface type and revision level (of, e.g., CDMA, 
TDMAorAHPS). . 

(A2) a discrete input corresponding to each base station 122 (or antenna sector 130) in a larger area containing A^hn, wherein each 
such input here indicates whether the corresponding base station (sector): 

(i) is on-line (i.e., capable of wireless communication with MSs) and at least its pilot channel signal is deteaed by the target 
MS 140. but the base sution (seaor) does not detea the target MS; 

(ii) is on-line and the base station (sector) detects a wireless transmission from the target MS. but the urget MS does not 
detect the base station (sector) pilot channel signal; 

(iii) is on-line and the base station (seaor) detects the target MS and the base station (sector) is deteaed by the urget MS; 

(iv) is on-line and the base station (seaor) does not detea the target MS, the base station is not deteaed by the target MS; or 

(v) is off-line (i.e., incapable of wireless communication with one or more MSs). 
Note that (i)-(v) are hereinafter referred to as the "deteaion states." 

Thus, by generating an ANN for each of a plurality of net areas (potentially overlapping), a local environmental change in the wireless 
signal charaaeristics of one net area is unlikely to affea more than a small number of adjacent or overlapping net areas. 
Accordingly/such local environmental changes can be ref leaed in that only the ANNs having net areas affeaed by the local change 
need to be retrained. Additionally, note that in cases where Rf measuremenU from a target MS 140 are received across multiple net 
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areas, multiple ANNj may be activated, thus providing multiple NS location estimates. Further, multiple ANNs may be activated when 
a location signature cluster is received (or a target MS 140 and location signature cluster includes location signature data 
corresponding to wireless transmissions between the MS and, e.g., more base stations (antenna seaon) than needed for the colleaion 
B described in the previous section. That is. if each collection 6 identifies four base stations 122 (antenna seaors). and a received 
5 location signature cluster includes location signature data corresponding to five base stations (antenna sectors), then there may be 
up to five ANNs artivated to each generate a loation estinttte. 

Moreover, for each of the smaller ANNs, it is likely that the number of input neurons is on the order of J30; (i.e., 70 
inputs per each of four location signatures ( i.e., 35 inputs for the forward wireless communications and 35 for the reverse wireless 
communications), plus 40 additional discrete inputs for an appropriate area surrounding ki^, plus 10 inputs related type of MS. 

10 power levels, etc. However, it is important to note that the number of base stations (or antenna seaors 130) having corresponding 
location signature data to be provided to such an ANN may va^. Thus, in some subareas of the coverage area 120, location signature 
data from five or more base stations (antenna secton) may be used, whereas in other subareas three (or less) may be iised. , 
Regarding the output from ANNs used in generating MS location estimates, there are also numerous options. In one 
embodiment, two values corresponding to the latitude and longitude of the target MS are estimated. Alternatively, by applying a 

15 mesh to the coverage area 120, such ANN output may be in the form of a row value and a column value of a particular mesh cell (and 
its corresponding area) where the target MS is estimated to be. Note that the cell sizes of the mesh need not be of a particular shape 
nor of uniform size. However, simple non-oblong shapes are desirable. Moreover, such cells should be sized so that each cell has an 
area approximately the size of the maximum degree of locatbn precision desired. Thus, assuming square mesh cells. 250 to 350 feet 
per cell side in an urban/suburban area, and 500 to 700 feet per cell side in a rural area may be desirable. 

20 Artificial Neural Network Training 

The following are steps provide one embodiment for training a location estimating ANN according to the present invention. 

(a) Determine a colleaion. C, of clusters of RF signal measurements (i.e., location signatures) such that each cluster is for RF 

transmissions between an MS 140 and a common set, B, of base stations 122 (or antenna seaon 130) such the 
measuremenu are as described in (Al) above. In one embodiment, the colleaion C is determined by interrogating the 

25 loation signature data base 1320 for verified location signature clusters stored therein having such a common set B of 

base stations (antenna seaors). Altemativefy in am)ther embodiment, note that the colleaion C may be determined 
from (i) the existing engineering and planning data from service providers who are planning wireless cell sites, or (ii) 
service provider test data obtained using mobile test sets, access probes or other RF field measuring devices. Note that 
such a colleaion B of base stations (antenna seaors) should only be created when the set C of verified location signature 

30 clusters is of a sufficient size so that it is expeaed that the ANN can be effectively trained. 

(b) Determine a colleaion of base stations (or antenna seaors 130), B\ from the common set B. wherein B* is small (e.g.. 

four or five). 
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(£) Determine the area, A^n. to be asiociated with colleaion B* of bare stations (antenna sectors). In one embodiment, this 
area is seletted by determining an area conuining the set I of locations of all verified location signature clusters 
determined in step (a) having location signature data from each of the base stations (antenna seaors) in the collection 
B*. More precisely, the area, A,kn, may be determined by providing a covering of the locations of I, such as, e.g., by cells 
5 of a mesh of appropriately fine mesh site so that each cell b of a size not subsuntially larger than the maximum MS 

location accuracy desired. 

(d) Determine an additional collection, b. of base stations that have been previously deteaed (and/or are likely to be 

detected) by at least one MS in tte area Aim,. 

(e) Train the ANN on input data related to: (i) signal charaaeristic measurements of signal transmissions between MSs 140 at 
10 verified locations in A„n, and the base stations (antenna sectors) in the collectron B', and (ii) discrete inputs of 

detection states from the base stations represented in the collection b. for example, train the ANN on input including: 
(i) data from verified location signatures from each of the base stations (antenna sectors) in the colleaion B', v/herein 
each location signature is part of a cluster in the collection Q (ii) a collection of discrete values corresponding to other 
base stations (antenna seaors) in the area b conuining the area, A^N. 
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Regarding (d) immediately above, it is important to mt that it is believed that less accuracy is required in training a ANN 
used lor generating a location hypothesis (in a FOM 1224) for the present invention than in most applications of ANNs (or other 
tiainable/adaptive components) since, in most circumstances, when signal measurements arc provided for looting a urget MS 140, 
the loution engine 139 will aaivatt a plurality location hypothesis generating modutes (corresponding to one or more f OMs 1224) 
20 for subsuntially simultaneously generating a plurality of different location estinates (i.e., hypotheses). Thus, instead of training 
each ANN so that it is expected to be, e.g., 9294 or higher in accuracy, it is believed that synergies with MS location estimates from 
other location hypothesis generating components will effectively compensate for any reduced accuracy in such a ANN (or any other 
location hypothesis generating component). Accordingly, it is believed that training time for such ANNs may be reduced without 
substantially impacting the MS looting performance of the location engine 139. 

25 finding Near-Optimal Location Estimating Artificial Neural Networks 

In one traditional artificial neural network training process, a relatively tedious set of trial and error swps may be 
performed for configuring an ANN so that training produces effeaive learning, in particular, an ANN may require configuring 
parameten related to. for example, input data scaling, testAraining set dassifiation, detecting and removing unnecessary input 
variable seleaion. However, the present inventbn reduces this tedium. That is, the present invention uses mechanisms such as 
genetic algorithms or other mechanisms for avoiding non-optimal but locally appealing (i.e.. local minimum) solutions, and locating 
near-optimal solutions instead. In^iarticular. such mechanism may be used to adjust the matrix of weights for the ANNs so that ve^ 
good, near optimal ANN configurations may be found efficiently. Furthermore, since the signal processing syswm 1220 uses various 
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typej of signal procewing filters for filtering the RF measurements received from transmissions between an MJ 140 and one or more 
base stations (antenna seaors 130), such mechanisms for finding near-optimal solutions may be applied to selecting appropriate 
filters as well. Accordingly, in one embodiment of the present invention, such filters are paired with particular ANNs so that the 
location signature data supplied to each ANN is filtered according to a corresponding "filter description" for the ANN, wherein the 
filter description specifies the filters to be used on location signature data prior to inputting this data to the ANN. In particular, the 
filter description can define a pipeline of filters having a sequence of filters wherein for each two consecutive filters, f , and fj (f , 
preceding fj), in a filter description, the output of f, flows as input to f^. Accordingly, by encoding such a filter description together 
with its corresponding ANN so that the encoding can be provided to a near optimal solution finding mechanism such as a genetic 
algorithm, it is believed that enhanced ANN tocaiing performance can be obtained. That is, the combined genetic codes of the filter 
description and the ANN are manipulated by the genetic algorithm in a search for a satisfactory solution (i.e., location error estimates 
within a desired range). This process and system provides a mechanism for optimizing not only the artificial neural network 
architecture, but also identifying a near optimal match between the ANN and one or more signal processing filters. Accordingly, the 
following filters may be used in a filter pipeline of a filter description: Sobel, median, mean, histogram normalization, input cropping, 
neighbor, Gaussion. Weiner filters. 

One embodiment for implementing the genetic evolving of filter description and ANN pairs is provided by the following 
steps that may automatically performed without substantial manual effort: 

1) Create an initial population of concatenated genotypes, or genetic representations for each pair of an artificial neural 

networks and corresponding filter description pair. Also, provide seed parameters which guide the scope and 
characterization of the artificial neural network architectures, filter selertion and parameters, genetic parameten and 
system control parameten. 

2) Prepare the input or training data, including, for example, any scaling and normalization of the data. 

3) Build phenotypes, or artilidal neural network/filter description combinations based on the genotypes. 

4) Train and test the artificial neural network/filter description pttenotype combinations to determine fitness; e.g., 

determine an aggregate location error jneasurement for each network/filter description phenotype. 

5) Compare the fitnesses and/or errors, and retain the best network/filter description phenotypes. 

6) Selea the best networks/filter descriptions in the phenotype population (i.e., the combinations with small errors). 

7) Repopulate the population of genotypes for the artificial neural networks and the filter descriptions back to a 

predetermined size using the selected phenotypes. 
B) Combine the artificial neural network genotypes and filter description genotypes thereby obtaining artificial neural 
network/filter combination genotypes. 

9) Hate the combination genotypes by exchanging genes or charaaerisiics/features of the network/ filter combinations. 

1 0) If system prameter stopping criteria is not satisfied, return to step 3. 
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Note that artificial neural network genotypes may bt (onned by seletting various types of artificial neural network 
ardiiteaurej suited to function approximation, sudi as fast back propagation, as well as characterizing several varieties of candidate 
traiisfer/activation functions, such as Tanh, togistic, linear, sigmoid and radial basis, furthermore, ANNs having complex inpuQ may 
be selected (as determined by a filter type in the signal processing subsystem 1220) for the genotypes. 

Examples of genetic parameters include: (a) maximum population size (typical default 300), (b) generation limit (typical 
default: 50). (c) selection criteria, such as a certain percentage to survive (typical default 0.5) or roulette wheel, (d) population 
refilling, such as random or cloning (default), (e) mating criteria, such as tail swapping (default) or two tut swapping, (f) rate for a 
choice of mutation criterion, such as random exchange (default: OJS) or section reversal, (g) population size of the conatenated 
artificial neural network/ filter combinations, (h) use of statistical seeding on the initial population to bias the random initialization 
toward stronger first order relating variables, and (i).neural node influence factors, e.g., input nodes and hidden nodes. Such 
parameters tan be used as weighting factors that influences the degree the system optimizes for accuracy versus network 
compactness, for example, an input node factor greater than 0 provides a means to reward artificial neural networits constructed 
that use fewer input variables (nodes). A reasonable default value is 0.1 for both input and hidden node factors. 

Examples of neural net/filter description system control parameters include: (a) accuracy of modeling parameters, such as 
relative acturacy. R-$quared, mean squared error, root mean squared error or average absolute error (default), and (b) stopping 
criteria parameters, such as generations run, elapsed tinie. best acturacy found and population convergera:e. 

locating a Mobile Station Using Artificial Neural Networks 

When using an artificial neural network for estimating a location of an MS MO. it is important that the artificial neural 
network be provided with as much accurate Rf signal measurement data regarding signal transmissions between the urget MS |40 ' 
and die base station infrastructure as possible. In particular, assuming ANN inputs as described hereinabove, it is desirable to obtain 
the deteaion states of as many surrounding base stations as possible. Thus, whenever the location engine 139 is requested to locate a 
target HS 140 (and in particular in an emergency context such as an emergency 911 call), the location center 140 automatically 
transmits a request to the wireless infrastructure to which the target HS is assigned for instruaing the HS to raise its transmisskin 
power to full power for a short period of time (e.g, 100 milliseconds in a base station infrastrmture configuration an optimized for 
such requesu to 2 seconds in a non-optimized configuration). Note that the request for a change in the transmission power level of 
the target HS has a further advantage for location requests such as emergency 9! I that are initiated from the MS itself in that a first 
ensemble of RF signal measurements an be provided to the location engine 139 at the initial 911 calling power level and then a 
second ensemble of RF signal measurements can be provided at a SKond higher transmission power tevel. Thus, in one embodiment 
of the present invention, an artificial neural network can be trained m only on the location signature cluster derived from either the 
initial wireless 91 1 transmissions or the full power transmissions, but also on the dilferences between these two transmissions. In 
particular, the difference in the deteaion states of the discrete ANN inputs between the two transmission power levels may provide 
useful additional infonnation for more accurately estimating a location of a target MS. 
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It is important to note that when gathering RF signal measuremenu from a wireless base sution network for locating HSs. 
the network should not be overburdened with location related traffic Accordingly, note that network location data requests for dau 
particularly useful for ANN based POHs is generally confined to the requests to the base stations in the immediate area of a target MS 
140 whose location is desired. For instance, both colleaions of base stations B* and b discussed in the context of training an ANN are 
also the same collections of base stations from which MS location data would be requested. Thus, the wireless network MS location 
data requests are data driven in that the base stations to queried for location data (lu the colleaions B' and b) are determined by 
previous Rf signal measurement charaaeristics recorded. Accordingly, the selection of the colleaions B' and b are adaptable to 
changes in the wireless environmental characteristics of the coverage area 120. 

LOCATION SIGNATURE DATA BA5E 

Before proceeding with a descriptron of other levels of the present inventbn asdescribed in (24.1) through (24J) above, in this seawn 
further detail is provided regarding the kration signature data base 1320. Note tteta brief descriptbn of the tocatron signature data base was 
provided above indicating that this data base stores MS tocation data from verified and/or known locations (optionally with additional known 
environmental charaaeristic values) for use in enhancing current target MS location hypotheses and for comparing archived location data with 
loQtion signal data obtained from a current target MS. However, the data base management system funaionality incorporated into the 
location signature data base 1320 is an important aspect of the present invention, and is therefore described in this section, in particular, the 
data base management funaionality described herein addresses a number of difficulties encountered in maimaining a targe archive of signal 
processing data such as MS signal location data. Some of these diffailties can be described as follows: 

(a) innany$ignalpracessirigcontexts.inordertoeffcaivelyutiruearch*r^ 

of a related signal proceaing applicatbn. there must be an large amount of signal related data in the archive, and this data 
must be adequately maintained so that as archived signal data becomes less useful to the corresponding signal processing 
applkatbn (i.e.. the data becomes "inappycabb") iu impart on the appiicatwn should be correspondingly reduced. 
Moreover, as archive data becomes substantially inappliable, it shouM be filtered from the archive altogether. However, the 
size of the data in the archive makes it prohibitive for such a process to be performed manually, and there may be no simple or 
straightforward techniques for automating such impaa reduction or filtering processes for inapplicable signal data; 

(b) it is sometimes difficult to determine the archived data to use in comparing with newly obtained signal processing application 
data;and 

(c) it is sometimes difficult to determine a useful technique for comparing archived data with newly obtained signal processing 
application data. 

It is an aspea of the present invention that the data base management funaionality of the location signature data base 1320 addresses 
each of the difflailties mentioned immediately above. For example, regarding (a), the tocation signature data base is "self cleaning" in that by 
associating a confidence value with each loc sig in the data base and by reducing or increasing the confidences of archived verified toe sigs 
acoirding to how well tteir signal charaaeristic data oimpares with newly received verified location signature data, the taation signature data 
base 1320 maintains a consistency with newly verified toe sigs. 
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The following data base management functional descriptions describe some of the more noteworthy fuiKtbns of the location signature 
data base 1320, Note that there ar« various ways that these f unaiorn may be embodied. So as to not overburden the reader here, the details 
for one emtodiment is provided in APPEN DIX C figs. 16a thmugh 16c present a table providing a brief description ol the attributes of the 
location agnaiure data type stored in the location signature data base 1320. 

LOCATION SIGNATURE PROGRAM DESCRIPTIONS 

The following program updates the ramlom loc sigs in the location signature data base 1320. In one embodiment, this program is 
im^oked primarily by the Signal Processing Subsystem. 

Update Location signature Database Program 

Update_Loc_Sig_DB(newJoc_obj, sel€Ction_criteria» loc_sigj)op) 

/* This program updates loc sigs in the location signature dau base 1320. That is. this program updates, for example, at 
least the location information for verif ied random loc sigs residing in this data base. The general strategy here is to use 
information (i.e., "newJoc_obj") received from a newly verifiedlocation (that may not yet be entered into the location 
signature data base) to assist in determining if the previously stored random verified loc sigs are still reasonably valid to 
use for 

(29.1 ) estimating a location for a given collection (i.e., "bag") of wireless (e.g., COMA) location related signal 
charaaeristia received from an MS, 

(192) training (for example) adaptive location estimators (and loation hypothesizing models), and 

(293) comparing with wireless signal characteristics used in generating an MS location hypothesis by one of the MS 
location hypothesizing models (denoted first Order Models, or, fOMs). 
More precisely, since it is assumed that it is more likely that the newest location information obtained is more indicatnre of 
the wireless (CDMA) signal charaaeristics within some area surrounding a newly verified loation than the verified loc sigs 
(location signatures) previously entered into the Location Signature data base, such verified loc sigs are compared for 
signal chararteristic consistency with the newly verified location information (objca) input here for determining whether 
some of these ''older" data base verified loc sigs still appropriately characterize their associated location. 

, In particular, comparisons are rteratively made here between each (target) loc sig "near" "newjoc_obj" and a 
population of loc sigs in the location signature data base 1320 (such population typically including the loc sig for 
"newjoc_obj) for. 

(29.4) adjusting a confidence factor of the target loc sig. Note that each such confidence faaor is in the range [0, . j 
with 0 being the lowest and I being the highest, further note that a confidence fartor here can be raised as 
well as lowered depending on how well the target loc sig matches or is consistent with the population of loc 
sigs to which it is compared. Thus, the confidence in any particular verified loc sig, LS, can fluauate with 
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successive invocations of this program if the input to the successive invocations are with location information 
geographically "near** L$. 

(29.5) remove older verified toe sigs from use whose confidence value is below a predetermined threshold. Note, it is 
intended that such predetermined thresholds be substantially automatically adjustable by periodically testing 
various confidence factor thresholds in a specified geographic area to determine how well the eligible data 
base tec sigs (for different thresholds) perform in agreeing with a number of verified loc sigs in a "toe sig 
tfijt-bed", wherein the test bed may be composed of, for example, repeatable loc sigs and recent random 
verified toe sigs. 

Note that this program may be invoked with a (verifiedAnown) random and/or repeatable loc sig as input 
furthermore, the target toe sigs to updated may be selected from a particular group of loc sigs such as the random loc 
sigs or the repeatable toe sigs, such selertton being determined according to the input parameter. "seleaion_criteria'' 
while the comparison population may be designated with the input parameter, "locjig^pop". For example, to update 
confidence faaors of certain random loc sigs near "new_loc_obj". **seleaion_criteria" may be given a value indicating. 
*'1}SE_RAND0M_L0C_SIG$", and "toc_5ig pop" may be given a value indicating, "USE JEPEATABIE JOC_$IGS". 
Thus, if in a given geographic area, the repeatable toe sigs (from. e.g., stattonary transceivers) in the area have recently 
been updated, then by successively providing "new Joc^obj" with a toe sig for each of these repeatable loc sigs, the 
stored random loc sigs can have their confidences adjusted. 

Alternatively, in one embodiment of the present invention, the present funaion may be used for determining 
when it b desirable to update repeatable loc sigs in a particular area (instead of automatically and periodically updating 
such repeatable toe sigs). For example, by adjusting the confidence fartors on repeatable loc sigs here provides a method 
for determining when repeatable loc sigs for a given area should be updated. That is, for example, when the area's average 
confidence fartor for the repeatable toe sigs drops below a given (potentially high) threshold, then the HSs that provide the 
repeatable loc sigs can be requested to respond with new loc sigs for updating the data base. Note, however, that the 
approach presented in this funaton assumes that the repeatable tocaiion information in the location signature data base 
1320 is maintained with high confidence by, tor example, frequent data base updating. Thus, the random location 
signature data base verified tocation information may be effectnrely compared against the repeatable toe sigs in an area. 
INPUT: 

new_loe_obj: a data rcpresentatwn at least including a loc sig for an associated location about which Location 
Signature loc sigs are to have their confidences updated. 

selertion^criteria: a data represenution designating the toe sigs to be selected to have their confidences updated 
(may be defaulted). The following groups of toe sigs may be selected: "USE_RANDOH_LOC_$IGS" (this is the 
default). USE JEPEATABLEJOC JIGS", "USE_ALL_L0C_SI6S". Note that each of these seleaions has values 
for the following values associated with it (although the values may be defaulted): 
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(a) a confidence reduction faaor (or reducing loc jig confidences. 

(b) a big error threshold for determining the errors above which are considered too big to ignore. 

(c) .a confidence increase factor for increasing loc sig confidences, 

(d) a small error threshold for determining the erron below which are considered too small {i.e., good) to 
5 ignore. 

(e) a recent time for specifying a time period for indicating the loc sigs here considered to be "recent", 
toe jig_pop: a data representation of the type of loc sig population to which the loc sigs to be updated are 

compared. The following values may be provided: 
(a) "USE ALL LOC SIGS IN OB". 
1^ (b) "USE ONLY REPEATABLE LOC SIGS" (this is the default). 

(c) **USE ONLY LOC SIGS WITH SIMILAR TIME Of DAY" 

However, environmendil chararteristia such as: weather, traffic, season are also contemplated. 

Confidence Aging Program 

The following program reduces the confidence of verified loc sigs in the location signature data base 1320 that are likely to 
15 be no longer accurate (i.e.. in agreement with comparable loc sigs in the data base). If the confidence is reduced low enough, then 
such toe sigs are removed from the data base, further, if tor a location signature data base verified location composite entity (i,e^ a 
collection of loc sigs (or the same tocation and time), this entity no tonger references any valid loc sigs. then it is also removed from 
the data base. Note that this program is invoked by "Update^LocJig^DB". 

reduce Jad_DB_locjigs(loc_sig_bag , errorjecjet. big>ror_threshold confidence__reductionjactor, 
^0 recentjime) 
Inputs: 

toc_sig_bag: A colleaion or "bag" of toe sigs to be tested for determining if their confidences should be lowered 

and/or any of these toe sigs removed. 
ern)r_rec_set: A set of error records (objerts). denoted "error_rec$", providing information as to how much each 

'"c sig in "toc_$ig_bag" disagrees with comparable loc sigs in the data base. That is. there is a 

"error rec" here for each loc sig in "toe sig ba^". 
big^error jhreshold: The error threshold above which the errors are considered too big to ignore. 
confidence_reduaion_(artor: The factor by which to reduce the confidence of loc sigs. 

recentjime: Time period beyond which toe sigs are no longer considered recent Note that "recent" loc sigs (i.e.. 

more recent than "recentjime") are not subject to the confidence reduction and filtering of this 
adons of this function. 
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Confidence Enhancement Program 

The following program increases the confidence of verified Location Signature loc ligs that are (seemingly) of higher 
accuracy (i.e, in agreement with comparable loc sigs in the location signature data base 1320). Note that this program is invoked by 
"Update_locJig_DB". 

increa$e_confidence_of_good_DBJoc_jigs(nearbyJoc_$ig_bag,error_rec_$et,small_error_tlire$hold. 
confidenceJncrea$e_factor,recent_time); 

Inputs: 

loc_sig_bag: Aa>ll«aion or "bag" of to be tested for determining if their confidences should be increased. 
error_rec_$et: A set of error records (objeias), denoted ''error_rBa". providing information as to how'much each 

loc Jig in "loc_jig_bag" disagrees with comparable loc sigs in the location signature data base. That 

is. there is a "error rec" here for each loc sig'in "Ibc sig bag". 
small_error_threshold: The error threshold below which the errors are considered too small to ignore. 
confidence_increaseJacton The factor by which to increase the confidence of loc sigs. 
recentjime: Time period beyond which loc sigs are no longer considered recent. Note that "recent" loc sigs (Le., 

more recent than "recent_time") are not subject to the confidence reduction and filtering of this 

actions of this function. 

Location Hypotheses Consistency Program 

The following program determines the consistency of location hypotheses with verified location information in the location 
Jignature data base 1320. Note that in the one embodiment of the present invention, this program is invoked primarily by a module 
denoted the historical location reasoner M24 described sections hereinbelow. Moreover, the deuiled description for this program b 
provided with the description of the historical location reasoner hereinbelow for completeness. 
DB_Loc_Sig_Error_Fit(hypothesis, mea$ure'dJocjig;_bag, jearch_criteria) 

r This function determines how well the collection of loc sigs in "meajured_loc_$ig_bag" fit with the loc sigs in the location 
Jignature data base 1320 wherein the data base toe sigi must satisfy the criteria of the input parameter -seareh_criteria" and 
are relaiively close to tlie MS location estimate of the tocation hypothesij. "hypothesis". 
Input: hypothesis: MS location hypothesis; 

meajuredJoc_sig_bag: A collection of measured location sgnatures ("loc sigs" for short) obtained from the MS 
(the data struaure here is an aggregation such as an array or list). Note, it is assumed that there is at most 
one loc sig here per Base Station in this collection. AddUionally, note that the input data structure here may 
be a location signature cluster such as the "loc_sig^cluster" field of a location hypothesis (cf . fig. 9). Note 
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that variations in input data maum may be accepted here by utilization of flag or tag bits as one skilled in 
the art will appreciate; 

«a'^h_crit€ria: The criteria for searching the verified location signature data base for various categories of loc 
sigs. The only limitation on the types of categories that may be provided here is that, to be useful, each 
5 category should have meaningful number of loc sigs in the location signature dau base. The following 

categories included here are illustrative, but othen are contemplated: 

(a) "USEAlLLOCSIGSINDB"(thedefaultK 

(b) **USE ONLY REPEATABLE LOC SIGS". 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY". 

10 f "rtte'' categories of loc sigs close to the MS estimate of "hypothesis" contemplated are: all loc sigs for the 

same season and same time of day, all loc sigs during a specific weather condition (e.g.. snowing) and at the 
same time of day. as well as other limitations for other environmental conditions such as traffic patterns. 
Note, if this parameter is NIL. then (a) is assumed. 
Returns: An error object (data type: "error_objecr) having: (a) an "error" field with a measurement of the error in the fit 
1^ t)f the location signatures frcm the MS with verified location signatures in the location signature data base 1320; 

and (b) a ''confidence" Held with a value indicating the perceived confidence that is to be given to the ''error" 
value.*/ 

Location Signature Comparison Program 

The following program compares: (a!) loc sigs that are contained in (or derived from) the toe sigs in 
20 "target_loc jig_bag" with (bl) loc sigs computed from verified loc sigs in the location signature data base 1320. That is, each loc 
sig from (al) is compared with a corresponding loc sig from (b) to obuin a measurement of the discrepancy between the two loc sigs. 
In particular, assuming each of the loc sigs for "target_loc jigjag" correspond to the same target HS location, wherein this 
loation is "target_loc", this program determines how well the loc sigs in ''target_loc_sig^bag" fit with a computed or estimated 
loc sig for the location, "target_loc" that is derived from the verified loc sigs in the location signature data base 1320. Thus, this 
25 program may be used: (a2) for determining how well the loc sigs in the location signature cluster for a target HS 

("target^loc jig^bag") compares with loc sigs derived from verified location signatures in the loation signature data base, and 
(b2) for determining how consistent a given colleaion of loc sigs ("target Joc_sig_bag") from the location signature data base is 
with other loc sigs in the location signature data base. Note that in (b2) each of the one or more loc sigs in "target Joc_sig_bag" 
have an error computed here that can be used in determining if the loc sig is becoming inapplicable for predicting target MS locations. 
30 Determine_Location Jignature_fit_Error5(targetJoc, target_loc jigjag. searcti_area. $earch_criteria, 

output^criteria) 

/* Input: target Joe An MS location or a location hypothesis for an MS. Note, this can be any of the following: 
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(a) An MS location hypothesis, in which case, if the hypothesis is inaccurate, then the loc sigs 
in "targetjoc jig_bag" are the loation signature cluster Irom which this location 
hypothesis was derived. Note that if this location is inaccurate, then 

"largetjoc jig_bag" is unlikely to be similar to the comparable loc sigs derived from 
the loc sigs of the location signature data base close *'targ€t_loc"; or 

(b) A previously verified HS location, in which case, the loc sigs of "target^loc jig Jag" 
were the loc sigs measurements at the time they were verified. However, these loc sigs 
may or may not be accurate now. 

larget_loc_$ig_bag: Measured location signatures ("loc sigs" for short) obtained from the MS (the data 
strutture here, bag, is an aggregation such as array or list). It is auumed that there is at least one loc sig 
in the bag. Further, it is assumed that there is at most one loc sig per Base Sution; 

search_area: The representation of the geographic area surrounding "target Joe". This parameter is used for 
searching the Location Signature data base for verified loc sigs that correspond geographically to the 
location of an MS in "search_area; 

search_criteria: The criteria used in searching the location signature data base. The criteria may include the 
following: 

(a) "USE ALL LOC SIGS IN DB", 

(b) "USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY". 

However, environmental charaaeristics such as: weather, traffic, season are also contemplated. 
output_criteria: The criteria used in determining the error records to output in "error_rec_bag". The criteria 
here may include one of: 

(a) "OUTPUT ALL POSSIBLE ERROR JECS"; 

(b) "OUTPUT ERROR JECS FOR INPUT LOCSIGS ONLY". 

Returns: error_rec_bag: A bag of error records or objeas providing an indication of the similarity between each loc sig 
in ■ target_loc_sig Jag" and an estimated loc sig computed for "target Joe" from stored loc sigs in a surrounding 
area of "target Joe". Thus, each error record/objert in "error_rec_bag" provides a measurement of how well a loc 
sig (i.e.. wireless signal characteristics) in "target Joe jig_^bag" (for an associated BS ami the MS at "target Joe") 
correlates with an estimated loc sig between this BS and MS. Note that the estimated loc sigs are determined using 
verified location signatures in the Location Signature data base. Note, each error record in "error_rec Jag" 
includes: (a) a BS ID indicating the base station to which the error record corresponds; and (b) a error measurement 
(> = 0), and (c) a confidence value (in [0, 1]) indicating the confidence to be placed in the error measurement. 
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Computed Loation Signature Program 

The following program receives a collettion of loc jigj and computej a loc $ig that n repreienutive of the lot sigj in the 
collection. That ij, given a collection of loc $igi, "loc_sig_bag". wherein each loc sig is associated with the same predetermined Base 
Station, this program uses these loc sigs to compute a represenutive or estimated loc sig associated with the predetermined Base 
Station and associated with a predetermined MS location, "Iocjor_e5timation". Thus, if the loc sigs in "loc_sig_bag" are from the 
verified loc sigs of the location signature data base such that each of these loc sigs also has its associated MS location relatively close 
to "loc_for_estimation", then this.program an compute and return a reasonable approximation of what a measured loc sig between 
an MS at • ioc_for_estiraation" and the predetermined Base Station ought to be. This program is imroked by 
"Deterraine_loati6n_Signature_Fit_Errors". 
e$tiinate_locjig_froni_DB(locJor_estimation, loc_sig_bag) 

Geographic Area Represenation Program 

The following program determines and returns a representation of a geographic area about a loation, "loc", wherein: (a) 
the geographic area has associated MS loations for an acceptable number (le., at least a determined minimal number) of verified loc 
sigs from the loation signature data base, and (b) the geographial area is not too big. However, if there are not enough loc sigs in 
even a largest acceptable search area about "loc", then this largest search area is returned. "DB_loc_Sig_Error_Fit" 
get_area_to_search(loc) 

loation signature Comparison Program 

This program compares two location signatures, "targetjocjig" and "comparison_locjig", both associated with the 
same predetermined Base Sution and the same predetermined MS loation (or hypothesized loation). This program determines a 
measure of the difference or error between the two loc sigs relative to the variability of the verified loation signatures in a collection 
of loc sigs denoted the "comparison_loc_sig_bag" obtained from the loation signature data base. It is assumed that 
"targetjocjig", "comparisonjocjig" and the loc sigs in "compari$on_loc_sig_bag" are ail associated with the same base 
station. This program returns an error record (object), "error_rec''. having an error or difference value and a conf idence value for 
the error value. Note, the signal charaaerinics of "urgetjocjig" and thoseof "comparison_Ioc_sig'' are not assumed to be 
similarly normaliied (eig., via filters as per the filters of the Signal Processing Subsystem) prior to entering this fonaion. It is 
futtherassumedthattypially the input loc sigs satisfy the "searchjriteria". This program is invoked by: the program. 
"Determinejoationjignaturejitjrrors", described above. 

get_difference_measurement(target_loc_jig. comparisonjocjig.comparisonjocjigjag, search_area, 

search_criteria) 

input: 
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tarpt_loc_jig: The loc jig to which the "error_rec" determined here is to be associated. 

compariJon_loc_sig: The loc sig to compare with the "target_loc Jg^ Note, if "compari$on_loc_$ig" is NIL, then this 

parameter has a value that corresponds to a noise level of "target Joe jig". 
compari$on_loc jig_bag: The universe of loc sigs to use in determining an error measurement between "target_loc jig" and 
"comparison_loc_sig** . Mote, the toe sigs in this aggregation include all loc sigs for the 
associated BS that are in the **$earch_area". 
$earth_area: A representation of the geographical area surrounding the location for all input lot sigs. This input is used for 

determining extra information about the search area in problematic circumstances, 
search jriteria: The criteria used in searching the location signature data base. The criteria may include the following: 

(a) "USE ALL LOC SIGS IN DB". 

(b) -USE ONLY REPEATABLE LOC SIGS^ 

(c) ''USE ONLY LOC SIGS WITH SIMILAR TIME Of DAY 

However, environmental charaaeristics such as: weather, traffic, season are also contemplated. 

Detailed Description of the Hypothesis Evaluator Modules 
Context Adjuster Embodiments 

The context adjuster 1326 performs the first set of potemially many adjustments to at ban the confidences of location hypotheses, ard in 
some important embodiments, both the confidences and the target MS location estimates provided by FOHs 1224 may be adjusted according to 
previous performances of the f OHi More particularly, as memioned above, the context adjuster adjusts confidences so that, assuming there is 
a sufficient density verified location signature dusten captured in the loation signature data base 1320. the resulting location hypotheses 
output by the context adjuster 1326 may be further processed uniformly and substantially without concern as to differences in accuracy 
between the first order models from which location hypotheses originate. Acardingly. the context adjuster adjusts loation hypotheses both 
to environmental factors (e^.. terrain, traffic, time of day. etc, as described in 30.1 above), and to how predictabfe or consistent each first 
order model (FOM) has been at locating previous target HS's whose locations were subsequently verified. 

Of particular importance a the novel computatbnal paradigm utilized herein. That is, if ttere is a suffrcient density of previous verifrcd 
MS bation data stored in the loation signature data base 1320, then the FOM loation hypotheses are used as an '•index" into this data base 
(i.e, the loation signature data base) for constructing new target MS 1 40 bation estimates. A more detailed discussion of this aspea of the 
present invention is given hereinbelow. Accordingly, only a brfef overview is provided here. Thus, since the location signature data base 1320 
stores previously captured MS loation data including: 

(a) clusters of MS bation signature signals (see the bation signature data base section for a discussion of these signals) and 

(b) a corresponding verified MS bation. tor each such cluster, from where the MS signals originated, 
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the (Dntext adjuster 1326 uses newly created target MS loation hypotheses output by the FOH's as indexes or pointen into the loation 
signature data base for identifying other geographkal areas where the target MS 140 is likely to be loaied based on the verified MS loation 
data in the location signature data base. 

In particular, at least the following two criteria are addressed by the context adjuster 1326: 
(311) Confidence values for location hypotheses are to be comparable regardless of first order models from which the location 
hypotheses originate. That is, the context adjuster moderates or dampens confidence value assignment distinctbns or 
variations between first order models so that the Wgher the confidence of a location hypothesis, the more likely (or 
unlikely, if the tocation hypothesis indicates an ana estimate where the target MS is NOT) the target MS is perceived to be 
in the estimated area of the fetation hypothesis regardless of the first Ortler Model from which the location hypothesis was 
output; 

(322) Confidence values for location hypotheses may be adjusted to account for current environmental charaaeristics such as 
month, day (weekday or weekend), time of day. ar«a type (urban, rural, etc.), traffic and/or weather when 
comparing how accurate the first order models have previously been in determining an MS location according to 
such environmental charaaeristics. For example, in one embodiment of the present invention, such 
environmental characteristia are accounted for by utilizing a transmission area type scheme (as discussed in 
seaion 5.9 above) when adjusting confidence values of location hypotheses. Details regarding the use of area 
types for adjusting the confidences of location hypotheses and provided hereinbelow, and in particular, in 
APPENDIX D. 

Note that in satisfying the above two criteria, the antext adjuster 1 326. at least in one embodiment, may use heuristic (f uiiy 
logic) rules to adjust the confidence values of location hypotheses from the first order models. Additionally, the context adjuster 
may also satisfy the following criteria: 

(33.1) The context adjuster may adjust location hypothesis confidences due to BS failure($), 

(33.2) Additionally in one embodiment, the context adjuster may have a calibration mode for at least one of: 

(a) calibrating the confidence values assigned by first order models to their location hypotheses outputs; 

(b) calibrating itself. 

A first embodiment of the context adjuster is discussed immediately hereinbelow and in APPENDIX D. However, the 
present invention also includes other embodiments of the context adjuster. A second embodiment is also described in Appendix 0 so 
as to not overiiurden the reader and thereby chance losing perspective of the overall invention. 

A description of the high level functions in an embodiment of the context adjuster 1326 follows. Details regarding the 
implementation of these functions are provided in APPENDIX D. Also, many of the terms used hereinbelow are defined in APPENDIX 
D. Accordingly, the program descriptions in this seaion provide the reader with an overview of this first embodiment of the context 
adjuster 1326. 

Context_adjust€r(loc_hyp_iist) 
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This function adjusts the loation hypotheses on the list, •*loc_hypJist". so that the confidences of the location hypotheses 
are determined more by empirical data than default values from the First Order Models 1224. That is. for each input location 
hypothesis, its confidence (and an MS location area estimate) may be exclusively determined here if there are enough verified location 
signatures available withir and/or surrounding the location bypotheris estimate. 

This function creates a new list of location hypotheses from the input list, '*loc_hypJi$t", wherein the location hypotheses on 
the new list are modified versions of those on the input list For each location hypothesis on the input list, one or more corresponding 
location hypotheses will be on the output list. Such corresponding output location hypotheses will differ from their associated input 
location hypothesis by one or more of the following: (a) the "image_area'' field (see fig. 9) may be assigned an area indicative of 
where the target MS is estimated to be, (b) if "image^area" is assigned, then the "confidence" field will be the confidence that the 
urget MS is located in the area for 1mage_area", (c) if there are not sufficient "nearby" verified location signature clusten in the 
location signature data base 1320 to entirely rely on a computed confidence using such verified location signature clusters, then two 
location hypotheses (having reduced confidences) will be returned, one having a reduced computed confidence (for "image_area") 
using the verified clusters in the location Signature data base, and one being substantially the same as the associated input location 
hypothesis except that the confidence (for the field "areajst") is reduced to reflea the confidence in iu paired loation hypothesis 
having a computed confidepce for "image_area''. Note also, in some cases, the location hypotheses on the input list, may have no 
change to its confidence or the area to which the confidence applies. 
G€t_adjustedJoc_hyp_li$tJor(Ioc_hyp) 

This function returns a list (or more generally, an aggregation object) of one or more location hypotheses related to the 
input location hypothesis, "loc Jyp". In particular, the returned loation hypotheses on the list are "adjusted" versions of 
"loc Jyp" in that both their target MS 140 loation estimates, and confidence placed in such estimates may be adjusted according to 
archival MS loation information in the loation signature data base 1320. Note that the steps herein are also provided in flowchart 
form in Figs. 26a through 26c. 

flETURNS: loc_hyp_list This is a list of one or more location hypotheses related to the 

input **loc_hyp". Each location hypothesis on "loc_hyp Jist" will typially be 
substantially the same as the input "loc^hyp** except that there may now be a new target 
MS estimate in the field, "image_area", and/or the confidence value may be changed to 
reflect information of verified loation signature clusters in the loation signature data 
base. 

The (unction, "get_adjusted Jocjyp Jist_for." and functions ailed by this f unttion presuppose a framework 
or paradigm that requires some discussion as well as the defining of some terms. Note that some of the terms defined hereinbelow 
are illustrated in Fig. 243. 

Define the term the **the cluster set" to be the set of all MS loation point estimates (e.g., the values of the **pt_est" field of the 
loation hypothesis data type), for the present FOM, such that 
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(a) these estimates are within a predetermined corresponding area (e.g., the "loc_hyp,pt_covering'* being such a 
predetermined corresponding area, or more generally, this predetermined corresponding area is determined as a 
function of the distance from an initial location estimate, e^^ "loc Jyp.pt_e$t", from the FOM). and 

(b) these point estimates have verified location signature clusters in the location signature data base. 
Note that the predetermined corresponding area above will be denoted as the "cluster set area". 

Define the term "image duster Mt" (for a given First Order Model identified by "loc_hyp.FOM_ID") to mean the set of verified 
location signature clusters whose NS location point estimates.are in "the cluster set". 

Note that an area containing the "image duster set" will be denoted as the "image cluster set area" or simply the "image area" 
in some contexts. Further note that the "image cluster set area" will be a "small" area encompassing the "image cluster set". In one 
embodiment, the image cluster set area will be the smallest covering of cells from the mesh for the present FOM that covers the 
convex hull of the image cluster set Note that preferably, each cell of each mesh for each FOM is substantially contained within a 
single (transmission) area type. 

Thus, the present f Oil provides the correspondences or mapping between elements of the cluster set and elements of the image 
cluster set. 

confidence_adju$ter(fOM_ID. image__area. image_dusterjet) 

This function returns a confidence value indicative of the target MS 140 being in the area for "image_arca". Note that 
the steps for this funrtion are provided in f lowdiart form in Figs. 27a and 27b. 

RETURNS: A confidence value. This is a vajuc indiative of the target MS being located in the area represented by 
"image_area" (when it is assumed that for the related "loc_hyp," the "duster set area" is the "loc_hyp.pt_covering" 
and -loc_hyp.FOH_ID*' is -^FOH JD"). 

The function. "confidence_adjuster," (and functions called by this function) presuppose a framework or paradigm that 
requires some discussion as well as the defining of terms. 

Define the term "mapped duster density" to be the number of the verified location signature dusters in an "image cluster 
set" per unit of area i n the "image duster set area". 

It is believed that the higher the "mapped duster density", the greater the confidence can be had that a target MS actually 
resides in the "image cluster set area" when an estimate for the target MS (by the present FOM) is in the corresponding "the 
duster set". 

Thus, the mapped duster density becomes an important factor in determining a confidence value for an estimated area of a 
target MS such as. for example, the area represented by "image^area". However, the mapped cluster density value requires 
modification before it can be utilized in the confidence calculation. In particular, confidence values must be in the range [-1.1] 
and a mapped duster density does not have this constraint Thus, a "relativized mapped cluster density" for an estimated MS 
area is desired, wherein this relativized measurement is in the range [-1, + 1], and in particular, for positive confidences in the 
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range [0, 1]. Accordingly, to alleviate this difficuityjor the fOH define the term "prediaion mapped doner denjity" ai a 
mapped duster density value, MCD, for the FOM and image duster set aiea wherein: 

(i) MCD is suffidently high so that it correlates (at least at a predetermined likehhood threshold level) with the actual target 

IIS location being in the "image cluster set area" when a FOH target MS locatbn estimate is in the corresponding "cluster 

set area"; 

That is, for a duster set area (e.g, .-loc_hyp.pt_covering") for the present FOM, if the image duster set area: has a mapped 
cluster density greater than the "prediction mapped duster density", then there is a high lilielihood of the target MS being in the 
. image cluster set area. 

Itisbelievedthatthepredictionmappeddusterdensitywilltypiallybedependentononeormoreareatypes. In 
particular, it is assumed that for each area type, there u a Hicely range of prediction mapped duster density values that is 
sulHtantially uniform across the area type. Accordingly, as discussed in deuil hereinbeiow. to calculate a prediction mapped 
cluster density for a particular area type, an estimate is made of the correlation between the mapped duster densities of image 
areas (from cluster set areas) and the likelihood that if a verified MS location: (a) has a corresponding FOH MS estimate in the 
duster set. and (b) is also in the particular area type, then the verified MS location is also in the image area. 

Thus, if an area is within a single area type, then sudi a "rebtiviied mapped cluster density" measurement for the area 
may be obtained by dividing the mapped duster density by the prediction mapped duster density and taking the smaller of: the 
resulting ratio and 1.0 as the value for the relativized napped cluster density. 

In some (perhaps most) cases, however, an area (e.g., an image cluster set area) may.have portions in a number of area 
typoi. Accordingly, a "composite prediction mapped cluster density" may be computed, wherein, a weighted sum is computed of 
the prediction mapped duster densities for the portions of the area that is in each of the area types. That is. the weighting, for 
each of the single area type prediction mapped duster densities, is the fraction of the total area that this area type is. Thus, a 
"relatffized composite mapped duster density" for the area here may also be computed by dividing the mapped cluster density 
by the composite prediaion mapped duster density and taking the smaller of: the resulting ratio and 1.0 as the value for the 
relativized composite mapped cluster density. 
Accordingly, note that as such a relativized (composite) mapped duster density foran image duster set area increases/decreases, it is 
assumed that the confidence of the target MS being in the image cluster set area should increase/deaease. 
respectively. 

get_compositej)rediction_mapped_diister_den$ityJor_high_certainty(fOH_IO.image_area); 

The present function determines a composite prediction mapped cluster density by determining a composite prediction 
mapped cluster density for the area represented by ''image_araa" and for the First OKler Model identified by "FOM_ID". 
OUTPUT: compo$ite_raappedJensity This is a record for the composite prediction 
mapped dnsur density. In particular, there are with two fields: 
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(i) a 'Value** field giving an approximation to the prediaion mapped cluster density for the Pint 
Order Hodcl having id. FOH_ID; 

(ii) a "reliabilitjr" field giving an indication as to the reliability of the "value" field. The reliability 
field is in the range [0, 1] with 0 indicating that the ''value" field is worthless and the larger the 

5 value the more assurance can be put in "value" with maximal assurance indicated when "reliability** 

is!. 



get_prcdirtion_mapped_cluxter_den$ityJor(FOHJ0,area_type) 

The present function determines an approximation to a prediction mapped cluster density, D, for an area type such that if an 
10 image cluster set area has a mapped cluster density > = then there is a high expectation that the target HS 140 is in the 
image cluster set area. Note that there are a number of embodiments that may be utilized for this funaion; The steps herein are 
also provided in flowchart form in Pigs. 29a through 29h. 

OUTPUT; pr€diaion_mapped_cluster_density This is a value giving an approximation to the prediction mapped 

15 cluster density for the first Order Model having identity, "f OM_ID**. and for the area type represented by 

"area_type*' */ 

It is important to note that the computation here for the prediction mapped cluster density may be more intense than 
some other computations but the cluster densities computed here need not be performed in real time target HS location 

20 processing. That is, the steps of this function may be performed only periodically (e.g., once a week), for each POM and each area 
type thereby precomputing the output for this function. Accordingly, the values obtained here may be stored in a table that is 
accessed during real time target KS location processing. . However, for simplicity, only the periodically performed steps are 
presented here. However, one skilled iri the art will understand that with sufficiently fast computational devices, some related 
variations of this funaion may be performed in real-time. In particular, instead of supplying area type as an input to this 

25 funaion, a particular area, A, may be provided such as the image area for a cluster set area, or, the portion of such an image area 
in a particular area type. Accordingly, wherever "area_type** is used in a statement of the embodiment of this funaion below, a 
comparable statement with X can be provided. 

Location Hypothesis Analyzer Embodiment 

Referring now to Pig. 7, an embodiment of the Hypothesis Analyzer is illustrated. The control component is denoted the control 
30 module 1400 . Thus, this comrol module manages or controls access to the run time location hypothesis storage area 1410. The control module 
1400 and the run time location hypothesis storage area 1410 may be implemented as a blackboard system and/or an expert system. 
Accordingly, in the blackboard embodiment, , and the comrol module 1400 determines when new bcation hypotheses may be entered onto the 
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blackboaid from other processes such as the context adjuster 1326 as well as when location hypotheses may be output to the most likeOhood 
estimator I J44. 

The following b a brief description of each submodule included in the location hypothesis analyzer 1332. 

(35.1) A control module 1400 for managing or controlling further processing of bation hypotheses received from the context adjuster. This 
module controls all location hypothesis processing within the loation hypothesis analyzer as well as providing the input interface with 
the context adjuster. There are numerous embodhnents that may be utilized for thb module, including, but not limited to. expen 
systems and blackboard managers. 

(35 J) A run-lime loation hypothesis storage area MIO for retaining location hypotheses during their prxessing by the location hypotheses 
analyzer. Thbcanbe,forexample,aoiwpertsy$temfartfeeorablackboa^ Note that in some of the discussion hereinbelow. for 
simplidty. thb module b referred to as a "blackboard". However, it b not intended that such notation be a limitation on the present 
invention; i.e, the term "bbckboard" hereinafter will denote a run-time data reposito^ for a data processing paradigm wherein the 
fbw of control b substantially data-driven. 

(35 J) An analytial reasoner module 1416 for determining if (or how well) toation hypotheses are consbtent with well known physical or 
heuristic constraints as, e.g^ mentwned in (30.4) above. Note that thb module may be a daemon or expert system rule base. 

(35.4) An hbtorical location reasoner module l424foradjustingkKation hypotheses^confidencesaccordingto how well the location signature 
characteristics (u^ loc sigs) associated with a locatron hypothesb compare with "nearby" be sigs in the location signature data base 
as indicated in (303) above. Note that thb module n»y also be a daemon or expert system rule base. 

(3Si) A loation extrapolator module 1432 for use in updating prevbus toatbn estimates for a target MS when a more recent loatbn * 
hypothesb b provided to the bation hypothesis analyzer 1331 That is, assume that the control module 1400 receives a new bcatbn 
hypothesb for a target US for which there are abo one or more prevbus beacon hypotheses ttet either have been recently processed 
fte„ they reskle in the MS status repository 1338. as shown best in Fig. 6), or are currently being processed (Le^ they reside in the run- 
time batbnhypothesb storage area 1410). Accordingly, if the activejimestamp (see fig. 9 regarding taatbn hypothesb data 
fields) of the newly received bcatbn hypothesis b sufficiently more recent than the activejimestamp of one of these prevbus bation 
hypotheses, then an extrapolation may be performed by the bcatbn extrapolator module 1432 on such prevbus loatbn hypotheses so 
that all target MS taatbn hypotheses being concurremly analyzed are presumed to include target US bcatbn estimates for 
substantially the same point in time. Thus, initial taatbn estimates generated by the FOHs using different wireless signal 
measurements, from different signal transmissbn time intervaU, may have their corresponding dependent battan hypotheses utilized 
simultaneously for determitung a most likely target MS taatbn estimate. Note that this module may also be daemon or expert system 
rulebase. 

(35i) hypothesb generating module 1428 for generating additbnai bcatbn hypothsesaaording to, for example, MS taatbn information 
not adequately utilized or modeled. Note, loatbn hypotheses may also be decomposed here if. for example it b determined that a 
baibn hypothesb includes an MS area estimate that has suhareas with radially different characteristia such as an HS area estimate 
that includes an uninhabited area and a densely populated area. Additbnally, the hypothesb generating module 1428 may generate 
"poor receptbn" taatbn hypotheses that specify MS loatbn areas of known poor reception that are "near" or intcnect curremly 
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adw location hypotheses. Note, that these poor iiaptbnioatron hypotheses may be specially 
fONJDvahieorspedfictagfeldjsothatftgarilessofsubstairtial^^ 

apoorfeceptionaiea,$udianafeawiyinainiainaconridencevalueor"imlo»wn"^ Note that substantially the only 
exception to tliis constraint is loation hypotheses generated from mobile base stations 148. Note that this module may also be daenwn 
orexpert system rule base. 

In the blackboard system embodiment of the location hypothesis analyzer, a blackboard system is the mechanism by which the last 
adjustments are performed on kxstion hypotheses and by which additional location hypotheses may be generated. Briefly, a biackboarrf 
system can be described as a partiabr dass of software that typically indudes at least tt^ 

(36.1) adatabasecalledthe-bladdioaC'whosestoredinformationisctmunonlyavaihbletoac^^^^ 
elements known as "daemons^ wherein, in the present inveirtion. the biackboarrf ind^^^ 

currertstatusofthek)ationhypothesesbeingevaluatedtodetenninea"raostfikely"MSb(atione^^^ Notethat 

this data base is provided by the ran time location hypothesis storage area 1410; 
(36J) oneormoreactive(andtypicallyopportunistic) knowledge jourtts,denotedcoBventiora^^ 

andmodifythecomentsofthebbddioarrf. The biaddioard system emptoyed requires only that the daemons have 

application knowledge spedfic to the MS kxation problem addressed by the present inventnn. As shown in fig. 7. the 

knowledgesourtesordaemonsinthebypothesisanalyzerindudetheanalyticalreas^^^ 

generating module 1428, and the historical locatmn reasoner module 1416; 
(363) acontiDlmoduiethatenabltstherealiQtMnofthe behavwr in a serial computing environmenL The control elemem 

ordiestratesthefkmofcontrolbetweenthevariousdaeraons. TWscomrol module is provided by the control module 

1400. 

Note that this blackboanj system may be commertial, however, the knowledge sources, U.. daemons, have been developed specifically for 
thepresem invention, for further information regarding such bladdward systems, the folbwing references are incorporated herein by 
reference:(a)Jagannathan,V,Dodbrawala.R.,4Baum,LS. (198?). Blackboard ardiitectures and applications. Boston, MA: HarcourtBrace 
JovanovidrPiblishers:(b) Engelmore,R,&Moipn.T. (1988). Bladdxiard systems. Reading.MA: Addison-WesleyPubfishirig Company. 

Alteniatively, the control module 1400 and the run^me kration hypothesis stt^^ 
oras a fuuy rule inferendng system, wherein the control module 1400 activatesor "fires" rules related to the knowledge domain (in the . 
present case, rules rtWiig to the accuracy of MS locatmn hypothesis estimates), and 

forexampk, constraints and heuristia related to the accuracy of MS bcation estimates. Thus, the control module 1400 for the present 
embodiraentisalsousedfororchestrating.(OTrdinatinganda)mrn%theactivityoftheindw^^^ 

analyier(e.g.asshowninfig.7,theanalyticalrea$onermodule 1416, the hypothesis generating module 1428. the historical location reasoner 
module 1424, and the bcation extrapolator module 1432). for further information regarding sudi expert systems, die following reference is 
incorporated herein by reference: Waterman. D. A. (1970). A guide to expert systems. Reading.MA: Addison-WesleyPublbhing Company. 
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MS Statuj Repojitoiy Embodiment 

The MS aatus repository 1338 is a run-dme storage manager for storing location hypotheses (rom previous aaivations of the 

location engine 139 (as well as the output ttrget HS location estimate(s)) so that a urget MS may be tracked using target MS 

location hypotheses from previous location engine 139 activations to determine, for example, a movement of the target MS between 

evaluations of the target HS location. Thus, by retaining a moving window of previous loation hypotheses used in evaluating 

positions of a target HS. measuremenu of the target MS's velocity, acceleration, and likely next position may be determined by the 

location hypothesis analyier 1332. further, by providing accessibifity to recent MS location hypotheses, these hypotheses may be used 

to rBsoh^e conflicts between hypothesesinacurrentactivationforlocatingthetargetMS;e.g^^ 
extrapolating a new tocation 

Most Likelihood Estimator Embodiment 

Themo$tlikenhoodestimatorl3«isamoduHordetermininga"mostlikBly"locat»^ 

(e.g,asin(30.7)above). Inoneembodiment.themoulikelihoodesthnatorperformsanintegrationor5umm^^ 

confidence values for any geographic fegion(s)of interest havingat least one loatbn^^^^^ 

estimator.and wherein the bcation hypothesis hasarebtively(ors«^^ 

determinesthearia(s)withineach such regbn having high conrKiences(orconrrien 
location estimates. 

Inone embodiment of the most BkeBhoodestimatorl344, this module utiteanareamesh^ 

nttsh(ellsofHarepreferab^rsmallerthanthegreatestbcationactuiacydesin.d.Thati$, 

indicatingalikefihoodthattheiargetMSI40ish)catedinc.whereinthea.nr*n« 

targetMSIoationestimatesprovidedtothemostlikelihoodestimatorl344.Thus.tooblam 
following steps are performed: 

(a) foreachof theactive loation hypotheses output by. e.g, the hypothesis analyzer 1332 (alternatively, the context adjuster 

1326). each corresponding MS location area estimate. lAE. is provided with a smallest covering. Qk. of cells c from H. 

(b) Subsequently.each of the celb of Qa have their confidence valuesadju^ 

Accordingly.if the confidence of LEA is positive, then thecellsofCu, have theirconte^^ 
confidencEoflEAisnegative,thenthecellsof(iabavetheirconfidencesde<rea5ed. 

(c) G'venthattheinteival[.|.0.+I.O]repn«ntstherangeinconfidencev^^^^^ 

intervals. Int. having lengths of.e.g,0.05.foreacli interval. Int. peiformadustera^^^^ 
confidences that are in Int Thus, a topographical-type map may be construded from the resuW^^ 
higher confidence areas arc anatogous to representations of areas having higher elevations. 

(d) Outputa rcptesentationof the resulting clustenforeach Int to the output gateway I3S6 for determining the location 

granularity and reprcsentation desired by each location appliation Hi requesting the loation of the target MS 140. 
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Of coune, variatbns in the above algorithm also within the scope of the present invention. For example, some emtndiments of the 
most likelihood estimator 1344 may: 

(e) Perform special processing for areas designated as "^poor reception'' areas. For example, the most likelihood estimator 1 344 may 

be able to impose a confidence value of zero (i.e., meaning it is unknown as to whether the target MS is in the area) on each 
such poor reception area regardless of the ioation estmiate confidence values unless there is a loation hypothesis from a 
reRabte and unanticipated source. That is» the mesh cells of a poor reception area may have their confidences set to zero 
unless, e{^ there is a batton hypothesis derived from target MS bcatbn data provided by a mobile base station 148 that: 
(a) is near the poor reception area, (b) able to detea that the target MS 140 is in the poor reception area, and (c) can relay 
target MS kxation data to the locatbn center 142. In such a case, the confidence of the target US loation estimate from the 
tIBS bation hypothesis may take precedence. 

(f) Additionally, in some embodiments of the most fikelihood estimator 1344, cells c of N that are *'near" or adjacent to a covering 

Ci£A may also have their confidences adjusted according to how near the celts c are to the covering. That is. the assigning of 
conftdences to cell meshes may be *'fuizified" in the terms of fuzzy logic so that the confidence value of each location 
hypothesis utilized by the most likeKhood estimator 1344 is provkied with a weighting factor depending on its proxity to the 
target MS location estimate of the tocation hypothesis. More precisely, it is believed that "nearness," in the present context, 
should be monotonic with the 'Videness" of the covering; i.en as the extent of the covering increases (decreases) in a 
. particular direaion, the cells c affected beyond the covering also increases (decreases). Furthermore, in some embodiments of 
the most likelihood estimator 1344, the greater (lesser) the confidence in the LEA, the more (fewer) cells c beyond the covering 
have their confidences affected. To describe this technique *m further detail reference is made to fig. 1 0, vrtierein an area Ais 
assumed to be a covering C^a having a confidence denoted ^'conf*. Accordingly, to determine a confidence adjustment to add 
to a cell c not in A (and additionally, the centrokl of A not being substantially identical with the centroid of c which couki occur 
if A were donut shaped), the following steps may be performed: 

(i) Determine the centrokl of A, denoted Cent(A). 

(ii) Determine the centroid of the cell c denoted Q. 

(iii) Determine the extent of A along the line between Cent(A) and Q, denoted L 

(iv) For a given type of probability density function, P(x), such as a Gaussian function, let T be the beginning 
portion of the function that lives on the x-axis interval [0, t], wherein P(t) = ABS(conf) = the absolute 
value of the conftdence of C^. 

(v) Stretch T along the x-axis so that the stretched function, denoted sT(x), has an x-axis support of [0, 1/(1 +e 
mm- ')l)]^y,here a is in range of 3,0 to 10.0; e.g., 5.0. Note that sT(x) is the f unrtron, 

P(x * (I + e'^**^°^ ^ '*^)A). on this stretched extent. Further note that for conftdences of + 1 
and - 1 , the support of sT(x) is [0, L] and for conftdences at (or near) zero this support. Further, the term. 
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is monotoniQfljr increasing with L and ABS(a)ni). 

(vi) DetennineO = the minimum distance that Qijouuide of A abng the line betvranCem(A) aid 

(vii) Determine the absolute value of the change in the confidence of c as $T(D). 

(viu) PnwdetlievaluB$T(0)withthe$anie$ignasconf,andprovidethe|»tentiallysignch^^^^ 
the confidence of tie cell c 

Additionally, in some enjhodiments, the most fiJelihood estimator 1344. upon receiving one or more location hypotheses from the 
hypothesis analyzer 1332. also performs some or all of the following tasks: 

(37.1) Filtersout loation hypotheses having confidence vahies near lero whenever such location hypotheses are deemed too 

unreliable to be mifized in determining a target M$ loation estimate. Forexample. location hypotheses having confidencE 
values in the range [-0.02, 0J)2] may be fitered here; 

(372) Determniesthearcaofinterestoverwhich to perforaithe integration. In one embodiment, this ana is a convex hull 

indudingeach of the MS areaestimates from the received location hypotheses (wherein such location hypotheses have not 
been removed from consideration by the filtering process of (37,1)); 

(373) Determines, once the integration is performed, one or more collectrans of contiguous area mesh celts that may be deemed a 

"most likely" MS location estimate, wherein each such collection includes one or more area mesh cells having a high 
confidence value. 

Detailed Description of the Location Hypothesis Analyzer Submoduks 
Analytbl Reasoner Module 

The analytical reasoner applies constramt or "sanity" checks to the target MS estimates of the location hypotheses residing in the Run-time 
location Hypothesis Storage Area for adjusting the associated confidence vahies accordingly. In one embodiment, these sanity checks involve 
"path" informatkin. That is, this modute determines if (or how well) location hypotheses are consrstent with weH known physical constraints 
sudi as the lawjof physics, in an area in which theM(associated with the location bypoth^^ 

difference between a previous (most likely) hotnn estimate of a target US and an estimate by a current bcadon hypothesis requires the MS 
to: 

(a) move at an unreasonably high rate of speed (e^,200 n^h),or 

(b) move at an unreasonably hrgh rate of speed for an area (e.g., 80 mph in a com patch), or 

(c) make unreasonably sharp velocity changes (e^, from 60 mph inone direction to 60 mph in the opposite direction in 4 sec), 
then the tonftdencemthe current hypothesis is reduced. Such pathinforniatw^ 

resulting from the FOMs by maintaining a window of previous locatkm hypotheses in the MS status repository 1338. Moreover, by additionally 
retaining the "most likely" target MS locatmn estimates (output by the most likefihood esthnator 1344). currem tocation hypotheses may be 
compared against such most likely MS location estimates. 
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The following path sanrty checks are incorporated into the computations of thb module. That is: 

(1) do the predicted MS paths generall/ follow a known transportation pathway (e^^ in the case of a calculated speed of greater 
than SO miles per hour are the target MS badon estimates within, for example, 2 miles of a pathway where such speed may be 
sustained); if so (not), then increase (decrease) the confidence of the batkm hypotheses not satisfying this criterion; 

(2) are the speeds, velocities and acceleradons, determined from the current and past target MS loation estimates, reasonable for 
the region (e{^ speeds shouU be less than 60 miles per hour in a dense urban area at 9 am); if so (not), then increase 
(decrease) the conMence of those that are (un)reasonable; 

(3) are the locations, speeds, vetodties and/or accelerations similar between target US tracks produced by different f OMs similar; 
decrease the conridence of the currently active (ocatnn hypotheses that are indiated as "outliers" by this criterion; 

(4) are the currently active tacation hypothesis target MS estimates consistent with previous predictions of where the target MS is 
predicted to be from a previous (most likely) target MS estimate; if not. then decrease the confidence of at bast those bcatbn 
bypothesb estimates that are substantially different from the corresponding prediaions. Note, however, that in some cases this 
may be over ruled. For example, if the predicdon is for an area for which there is Location Base Station coverage, and no 
Uation Base Station covering the area subsequently reports communicating with the target MS, then the prediaions are 
incorrect and any current location hypothesis from the same FOM should not be decreased here if it is outside of this Location ' 
Base Station coverage area. 

Notice from Fig. 7 that the analytial reasoner an access k)cation hypotheses currently posted on the Run-time Loation Hypothesis 
Storage Area. Additionally, it interacts with the Pathway Database which contains information concerning the loation of natural 
tramportatron pathways in the regkm (highways, rivers, etc) and the Area Characteristia Database which oontaim information concerning, for 
example, reasonable vebcittes that an be expeaed in various regions (for instance, speeds of BO mph would not be reasonably expeaed in 
dense urban areas). Note that both speed and direction an be importam constraints; e.g^ even though a speed might be appropriate for an 
area, such as 20 mph in a dense urban area, if the direakin indicaed by a time series of related loation hypotheses b directly through an 
extensive buikling complex having no through traffic routes, then a reduabn in the confidence of one or more of the fc^catbn hypotheses may 
be appropriate. 

One embodiment of the Analytial Reasoner illustrating how such constraints may be implemented b provkled in the folkwing sectkm. 
Note, however, that thb embodiment analyzes only toation hypotheses laving a non-negatrve confidence value. 
Modules of an embodiment of the analytial reasoner module 1416 are provided hereinbelow. 

Path Comparison Module 

The path comparison module 1454 implemenu the following strategy: the confidence of a particular location hypothesis b be increased 
(decreased) if it is (not) prediaing a path that lies abng a known transponatbn pathway (and the speed of the target MS is sufficiently high). 
For instance, if a time series of target MS loation hypotheses for a given f OM b prediaing a path of the target MS that lies atong an interstate 
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highway, the confidence of the currently active locanon hypothejij for this f ON should, in general, be increased. Thus, at a high bvei the 
foBowing steps ma/ be performed: 

(a) for each f OM having a currently active iocabon hypothesis in the Run-time Location Hypothesis Storage Area (also denoted 
"blackboaid"), determine a recent "path" obtained from a time series of location hypotheses forthe POM. This computation for the 
"path" is performed bf stringing together successive "center of area" (COA) orcentroid values determined from the most pertinent 
target MS loation estimate in each bcatwn hypothesis (leall that eadi tacwion hypothesis may have a plurality of uijet MS area 
estimates *fith one being tie most pertinent). The mformaton is stored in, forexample, a matrix of values virherein one dimension 
of the matrix idendfies the FOM and the a second dimennon of the matrix represents a series of COA path values. Of course, some 
entries hi the matrix may be undefined. 

(b) Compare each path obtained in (a) against known transportation pathways in an area containing the path. A value, path_match(i). 
representingtowhatextentthepathmatchesanyknowntransportat'ionpathwayiscomputed- Such values are used later ui a 
computation for adjusting the confidence of each corresponding currently active location hypothesis. 

Velocity/Acceleration Calculation Module 
Thevelodty/accelerationcakulationmodulel4S8computesvelocityand/orac 

active location hypothesesand previous location hyppthesisestimates of the target HS. In one embodiment, for each f OH 1224 havinga 
currently active location hypothesis (with positive confidences) and a sufficient numberof prevbus (reasonably recent) target MS location 
hypotheses,ave'locityand/oracceleration may be calculated. In an altemative embodiment, such a velocity and/or accehration may be 
cakohted using the currently active location hypotheses and one or more recent "most likely" locations ol the target MS output by the location 
engine 139. If the esthnated velocity and/br acceleration corresponding to a currently active location hypothesb is reasonable for the rcgbn, 
then Ks confidence vahie may be incremented; if not, then its confidence may be decrememed. The algorithm may be summarized as follows: 
(a) Approximate speed and/or acceleration estimates for currently aaive taigst MS location hypotheses may be provided using path 
information related to the currently active loation hypotheses and previous target HS locatbn estimates in a manner similar to the 
description of the path comparison module 1454. Accordingly,asinglea»nfidenceadjuj^^^ 
currently active locatran hypothesis for indicating the extent to which its correspondmg velod^ andAw acceleration calculations are 
reasonable for its particular target MS loation estimate. This okulatnn is perfomied by retrieving information from the area 
characteristics data tiase I4S0 (e.g. Figs. 6 and 7). Since each bation hypothesis includes timestamp data indicating when the MS 
loation signals were received from tin target MS. the velocity and/or acceleration asociated with a path for a cun«mly active 
loation hypothesis can be straightforwardly approximated. Accordingly, a confidence adjustmem value, vel_ok(i), indicating a 
fikefihood tiat die velocity ablated for tiie i* currently active loation hypotiiesh (havmg adequate corresponding path 
Biformation) may beapprapriate iscalculated usingforthe environmental characteristics of the loation hypothesis' target MS 
loation estimate, for example, the area chaiacteristia data base 1450 may indude expected maximum vetocities and/or 
accelerations for each area type and/or cell ofacell mesh of the coverage area 120. Thus, velocities and/oraccefe^^ 
maximum vahies may be indicative of anomalies in the HS loation estimating process. Accordmgly, in one embodiment, the most 
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recent lotation hypothejej yieUing such extreme velotitiej and/or aasleiatiom may haw their anfidence values decreased, for 
example, if the target H$ location estirate includesa portion of an interstate highway, then an appropriate velocity might 
correspond to a speed of up to 100 miles per hour, whereas if the taiget MS location estimate includes only rural dirt roads and 
tomato patches, then a likely speed might be no more than 30 miles per hourwith an maximum speed of 60 miles per hour 
(assuming favorable environniental daraaeiistia such as weather). Note that a list of such environmental characteristics may 
include such facton as: area type, time of day, season, further note that more unpredictable environmental charaaeristics such as 
traffic now patterns. weather(e.g,clear,raining,snowing,etc) may also be incWed. values for these 
from the environmental data base 1354 which receives and maintains information on such unpredictable charaaeristia (e<, figs; 6 
and 7). Also note tliat a simihrconfidence adjustment value, aa_ol((i), may be provided for currently aaive location hypotheses, 
wherein the confidence adjustment is related to the appropriateness of the acoeleratnn estimate of the target MS. 

Attribute Comparison Module 

The attribute comparison module 1462 compares attribute values for location hypotheses generated from different rOMs.and determines 
if the confKlence of certam of the currently aaive lotation hypotheses should be increased due to a si^^^^^ 
That is, for an attribute A, an attribute value for A derived from a set S„,„(j, of one or more loQtion hy^^^^^ 
iscomparedwithanotherattributevahieforAderivedfromasetSjoMj of one or more location hypotheses generated by a dKferentfOM, 
rOMpjfordetennining if these attribute values cluster(iA. are suffKiemly dose to one a^^^^ 
in SwN,,] and a currently active tocation hypothesis in S^^ should have their confidences increased, for example, the attribute may be a 
"larget MS path data" attribute, wherein a value for the attribute ban estimated taiget MS pathderived from bation hypotheses generated 
byafocedfOH over $ome(rtcent) time period. Alternatively,the attribute might be, forw^^ 

wherein a value for the attribute is a vebdty and/or acceleration derived from locatidn hypotheses generated by a fixed f OH over some 
(recent) time period. - 

In a general context, the attribute comparison module 1462 operates accoiding to the following premise: 
(38.1) for each of two ormore currently active location hypotheses (with, e.g., positive confidences) if: 

(a) each of these cumntty active location hypotheses, H, was mitially generated by a corresponding different FOH„; 

(b) for a given MS estimate attribute and each such currently acthre location hypothesis, H, there is a corresponding value for the 
attribute(e.g,theattributevaluemightbeanmpathestimate,oralternatjveVanMSe$timatedv^^^^^ 
acceleration), wherein the atttibute value b derived without uang a fOM different from FOMh. and; 

(c) the derived attribute values cluster sulficiently well, 

then each of these currtntly acthre bcation hypotheses, H, will have their corresponding confidences increased.. That is. these confidences will be 
increased bya confidence adjustment value ordelta. 

Note that the phrase "cluster sufficiently well" above may have a number of technical embodimems, including performing various cluster 
aiHlyjij techniqueswhercin any dusten (according to some statistic) must satisfy a system set threshold forthe members of the cluster being 
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dose enough to one another. Further, upon determining the (any) batbn hypotteses atisfying (38.1 ), there are various techniques that may 
be used in determining a change or delta in confidences to be applied. For example, in one embodiment, an initial default confidence delta that 
may be utilized is: if "cP denotes the conftjence of such a currently active location hypothesis satisfying (38.1). then an increased confidence 
that still remains in the interval [0. 1.0] may be: cf + [(I - d)/(l -f cf )]\ or. cf * [1.0 + cf n. = > 2. or. cf * (a constant having a 
system tuned parameteras a factor]. That is. the confidence deltas for these examples arc: [(I •cf)/(l + cf)]' (an additive delta), and. [I J) 
+ cf "1 (a multiplicative delta), aid a constant Additionally, note that it is within the scope of the present invention to also provide such 
confidence deltas (additive deltas or multiplicative deltas) with factors related to the number of such btation hypotheses in the cluster. 

Moreover, note that it is an aspert of the present invention to provide an adaptive mechanism (u^ the adaptation engine 1382 shown in 
Figs. S. 6 and 8) for automatically determining performance enhancing changes in confidence adjustment values such as the confidence deltas 
for the present mod ule. That is, such changes are determined by applying an adaptive nttchanism, such as a genetic algorithm, to a collection 
of "system parameters'* (including parameters specifying confidence adjustment values as well as system parameters of. for example, the 
context adjuster,l326) in order to enhance performance of the present invention. Horc particularly, such an adaptive mechanism may 
repeatedly perform the following steps: 

(a) modify si^i system parameten; 

(b) consequently aaivate an instantiation of the location engine 139 (having the modified system parameten) to process, as input, a 
series of MS signal location data that has been archived together with data corresponding to a verified MS location from which signal 
location data was transmitted (e.g^ such data as is stored in tiie location signature data base 1320); and 

(c) then determine if the modifications to the system parameters enhanced location engine 139 performance in comparison to previous 
performances. 

Assuming this module adjusts confidences of currently active location hypotiieses according to one or more of the attributes: target MS 
path data, target MS velocity, and target MS acceleration, the computatbn for this module may be summarized in the following steps: 

(a) Determine if any of the currently active location hypotheses satisfy the premise (38.1) for the attribute. Note tiiat in making this 
determination, average distances and average standard deviations for tfie paths (velocities and/or accelerations) correspoiriing to 
currendy active location hypotheses nay be computed.. 

(b) For each currentiy aaive location hypothesis (wherein **i" uniquely identifies the location hypothesis) selected to have its confidence 
increased, a confidence adjustment value, path jimiiarfi) (alternatively, velocityjimilar(i) and/or acceleration_similar(i) ), is 
computed indicating the extent to which the attribute value matches another attribute value being predicted by anotiier FOH. 

Note that such confidence adjustment values are used later in the calculation of an aggregate confidence adjustment to partkular 
currently active loation hypotheses. 

Analytical Reasoner Controller 

Given one or more currently aaive loation hypotheses for tiie same target MS input to the analytical reasoner controller 1466. this controller 
activates, for each such input bcation hypothesis, the other submodules of the analytical reasoner module 1416 (denoted hereinafter as 
"adjustment submoduies'') with this location hypothesis. Subsequently, the ana^cal reasoner controller 1466 receives an output confidence 
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adjurtment value computed by each adjiutment jubinodule for adjusting the confidence of this location hypothesis. Note that each adjustment 
submodute determines: 

(a) whether the adjustment submodulc may appropriately ampute a co^^^^ 

supplied by the controller, (for example, in some cases there may not be a sufficient number of location hypotheses in a time 
series from a fixed FOM); 

(b) if appropriate, then the adjustment submodule computes a non-zero confidence adjustment value that is returned to the 
analytical reasoner controller. 

Subsequently, the controller uses the output from the adjustment submodute to compute an aggrtgate confidence adjustment for the 
coriBsponding location hypothesis, in one particular embodiment of the present imrention. values for the eight types of confrfence adjustment 
values (described in sections above) are o utput to the present controller for computing an aggregate confidence adjustment value for 
adjusimg the cDnfidence of the currently active locatbn hypothesb prBScmly being analyzed by the analytical reasoner module 1416. As an 
example of how such confidence adjustment values may be utilized, assuming a currently aaive location hypothesis is identified by "i", the 
outputs from the above described adjustment submodules may be more fully described as: 

path_match(i) I if there are suffideni previous (and recent) location hypotheses for the same target MS as "i" that 

have been generated by the same f OM that generated "i^ and, the target MS location estimates 
provided by the location hypottesis T and the previous loation hypotheses follow a known 
transportation pathway. 
0 otherwise. 

^L^KO I ifthevelocitycalculatedfortbei'^urremlyaaive location hypothesis (assuming adequate 

corresponding path information) is typial for the area (and the current environmental 
characteristics) of thh location hypothesis* tarjet MS location e^^ 
i2 if the velocity calculated for the i'^ currently active location hypothesis is near a maximum for the 
area (and the cunreni environmental charaaeristics) of this location hypothesis* target MS locatton 
estimate;. 

0 if the velocity akubted is above the maximum. 
^^JK^ i if the acceleration cakalated for the i^'curremly aaive bcationhypoA^^^^ 

corresponding path information) is typical for the area (and the current environmental 

characteristics) of this tacadon hypottesis' target MS loation estimate; 
02 if the acceleration calculated for the i'^ currently aaive location hypothesis is near a maximum for the 

area (and the current emrironmental charaaeristics) of this loation hypothesis' target MS loation 

estimate;. 

0 if the acceleration calculated is above the maximum, 
similar j)ath(i) I if the baiion hypothesis "i" satisfies (38.1) for the target MS path data attribute; 0 otherwise. 

velocityJmilar(i) I ifthe loation hypothesis T satisfies (38.1) for the target MS velod^ 
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acceleration_$imiiar(i) I if the location hypothesis "i" satisfies (38J) forthe target MS acceleration attribtrte; 0 otherwise. 
■e)ttrapfllation_chk(i) I if the loation hypothesis T is "near" a previously predicted MS location for the target MS; 0 

otbeiwise. 

Additionally, for each of the above confidence adjustments, there is a corresponding location engine 139 system seiable parameter whose 
value may be determined by repeated activatbn of the adaptation engine I3BI Accordingly, for each of the confidence adjustment types, T. 
above, there b a conresponding system setabb parameter. "alpha_r, that b tunable by the adaptation engine 1382, Accordingly, the 
following high level program segment illustrates tite aggregate confidence adjustment value computed by the Analytical Reasoner Controller. 

target_MS_Ioc_hyps < - get all currently active location hypotheses. H, identifying the present target ; 

for each cun^ntly adive loation hypothesis. hyp(i). from target_ffi^ 

{ 

for each of the confidence adjustmem submodules. CA, do 
activate CA with hyp(i) as input; 
now compute the aggr^ate confidence adjustment using the output from the confidence adjustment submodules. */ 
aKregate_adju$tment(i) < — alpha^path^match ♦ path_natch(i) 
+ alpha_velodty * vel_ok(i) 
+ alptiajHthjimilar * path_simi!ar(i) 
+ alpha_veiocity_similar * velodtyjimilar(i) 
+ alpha_accfileration_similar* acaleration_$imilar(i) 
-h alpha_extrapobtion * extfapolation_chk(i); 
hyp(i),confidBnce < — hyp(i).confidence + aggrEgate_adju$tmem(i); 

} 

Historical Location Reasoner 

The historical location reasoner module 1424 may be. for example, a daemon or expert system rule base. The module adjusts the 
confidences of currently active location hypotheses bf using (from loation signature data base 1320) historical signal data correlated 
with: (a) verified MS locations (e.g. locations verified when emergency personnel co-locate with a target MS location), and (b) various 
environmental facton to evaliHte how consistent the loation signature cluster for an input loation hypothesis agrees with such 
historical signal data. 

This reasoner will increase/decrease the confidence of a currently active loation hypothesis depending on how well its associated 
loc sigs correlate with the loc sigs obtained from data in the loation signature data base. 



99 



wo 98/10307 PCT/US97/15892 
Note that the embodiment hereinbelow is but one of many embodiments that may adjust the confidence o( currently aaive 
location hypotheses appropriately. Accordingly, it is important to note other embodiments of the historical location reasoner 
functionality are within the scope of the present invention as one skilled in the art will appreciate upon examining the techniques 
utiliied within this specification. For example, calculations of a confidence adjustment factor may be determined using Monte Carlo 
techniques as in the context adjuster 1326. Each such embodiment generates a measurement of at least one of the similarity and the 
discrepancy between the signal chararteristics of the verified location signature dusten in the loation signature data base and the 
location signature cluster for an input currently aaive location hypothesis, "locjyp". 

The embodiment hereinbelow provides one example of the functionality that an be provided by the historical location reasoner 
1424 (either by activating the following programs as a daemon or by transforming various program segments into the consequents of 
expert system rules). The present embodiment generates such a confidence adjustment by the following steps: 

(a) comparing, for each cell in a mesh covering of the most relevant MS location estimate in "loc_hyp", the location signature 
cluster of the "loc_hyp" with the verified location signature clusters in the cell so that the following are computed: (i) a 
discrepancy or error measurement is determined, and (ii) a corresponding measurement indicating a likelihood or 
confidence of the discrepancy measurement being relatively accurate in comparison to other such error measurements; 

(b) computing an aggregate measurement of both the erron and the confidences determined in (a); and 

(c) using the computed aggregate measurement of (b) to adjust the confidence of "tocjyp". 

The program illustrated in APPENDIX E provides a more detailed embodiment of the steps immediately above. 
Location Extrapolator 

The tocation extrapolator 1432 works on the foltowing premise: if for a currently active bcation hypothesis there is sufficient previous rehted 
information regarding estimates of the target MS (e.g., from the same fOH or from using a "most likely" prevnus target MS estimate output by 
the loation engine 1 39). then an extrapolation may be performed for predicting future target MS loations that can be compared with new 
bcatron hypotheses provkled to the blackboard. Note that interpolation routines (e^., conventional algorithms such as Lagrange or Newton 
polynomials) may be used to determine an equation that approximates a target MS path corresponding to a currently artive loation 
hypothesis. 

Subsequently, such an extrapolation equation may be used to compute a future target MS location. For further information reganJmg 
such interpolation schemes, the following reference is inarporated herein by reference: Mathews, 1992, Numerical methods for mathematics, 
science, and engineering. Englewood CDffs, NJ: Prentice HalL 

Accordingly, if a new currently aaive loation hypothesis (cg^ supplied by the context adjuster) is received by the blackboard, then the 
target MS bation estimate of tfw new toation hypothesis may be compared with the predicted loatkin. Consequently, a confidence 
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adjiutment value an be determined accoiding to how weD if the bcation hypothesis Y . Tint is. this confidetitt adjusteient value will be 
larger as the new HS estimate and the prediaed estimate beconn closer together. 

Note that in one embodiment of the present invention, such prediobnsate based solely on previous target MS location estimates output 
by location engine 139. Thus, in such an embodiment, substantially every currently active location hypothesis can be provided with a 
confidence adjustment value by this nraduteonceasufnaentnumber of previous target MS bcation e^ 
value, extrapolation_chk(i), that represents how accurately the new currently active bcation hypothesis (identiried here by "i") matches the 
predicted bcation b determined. 

Hypothesis Generating Module 

The hypothesis generating module 1428 b used forgeneratii? additional bcatnn hypotheses according to, for example. HS bcation 
information not adequately utilized ormodebd. Note, taotbn hypotheses may abo be decomposed here if, for exampk it b determined that a 
location hypothesis includes an MS area estimate that has subareas with radically dillerent characttrbtics such as an area that 'mcludesan 
uninhabited area and a densely populated area. Additnnally, the hypothesb generating module 1428 may generate "poor reception" locatbn 
hypotheses that specify HS bcation areas of known poor reception that are "near" or intersea currently active bation hypotheses. Note, that 
these poor reception locatbn hypotheses may be specially tagged (e.g, with a dbtindive f OH_ID value or specfic tag field) so that regardless 
ofsubstantially any other locatkin hypothesb confidence value wrerlappingsuchapOT^ 

value of "untaiown" (i.e.. zero). Note that substantially the only exception to this constraint b location hypotheses generated fraih mobile base 
statnns 148. 
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Mobile Base Station Location Subsystem Description 

Mobile Base Station Subsystem Introduction 

Any collection of mobile eiectronia (denoted mobile location unit) that is able to botbestimate a location of a ta^et MS 140 
and communicate with the base station network may be utilized by the present invention to more accurately locate the target MS. 
5 Such mobile locatbn units may provide greater target MS location accuracy by, for example, homing in on the target MS and by 
transmitting additional MS location information to the location center 141 There are a number of embodiments for such a mobile 
location unit contemplated by the present invention. For example, in a minimal version, such the elearoniu of the mobile location 
unit may be tittle more than an onboard MS 140, a seaored/directionai antenna and a controller for communicating between them. 
Thus, the onboard MS is used to communicate with the location center 142 and possibly the target MS 140, while the antenna 

10 monitors signals for homing in on the target MS 140. In an enhanced version of the mobile location unit, a GPS receiver may also be 
incorporated so that the location of the mobile location unit may be determined and consequently an estimate of the location of the 
target MS may also be determined. However, such a mobile location unit is unlikely to be able to determine substantially more than a 
direction of the target MS 140 via the sertored/directional antenna without further base station infrastrurture cooperation in, for 
example, determining the transmission power level of the Urget MS or varying this power level. Thus, if the target MS or the mobile 

1 5 location unit leaves the coverage area 120 or resides in a poor communication area, it may be difficult to accurately determine where 
the target MS is located. None-tlie-less, such mobile location uniu may be sufficient for many situations, and in faa the present 
invention contemplates their use. However, in ases where dirert communication with the target MS is desired without constant 
contact with the base station infrastructure, the present invention includes a mobile location unit that is also a scaled down version of 
a base station 122. Thus, given that such a mobile base station or MBS 148 includes at least an onboard MS 140, a 

20 sectored/direaional antenna, a GPS receiver, a scaled down base sution 122 and sufficient components (including a controller) for 
integrating the capabilities of these devices, an enhanced autonomous MS mobile loQtion system can be provided that can be 
effectively used in, for example, emergency vehicles, air planes and boats. Accordingly, the description that follows below describes 
an embodiment of an MBS 148 having the above mentioned components and capabilities for use in a vehicle. 

As a consequence of the MBS 148 being mobile, there are fundamental differences in the operation of an MBS in 

25 comparison to other types of OS's 122 (152). In particular, other types of base sutions have fixed locations that are precisely 
determined and known by the location center, whereas a location of an MBS 148 may be known only approximately and thus may 
require repeated and frequent re-estimating. Secondly, other types of base stations have substantially fixed and stable 
communication with the location center (via possibly other BS's in the case of LBSs 152) and therefore although these BS's may be 
more reliable in their in their ability to communicate information related to the location of a target MS with the location center, 

30 accuracy can be problematic in poor reception areas. Thus, MBS's may be used in areas (such as wilderness areas) where there may 
be no other means for reliably and cost effectively locating a urget MS 140 (i.e., there may be insufficient fixed location BS's 
coverage in an area). 
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Fig. II provides a high level block diagram architecture of one embodiment of tlie MBS location subsystem IS08. » 
Accordingly, an MBS may include components for communicating with the fixed location BS network infrastructure and the location 
center 142 via an on-board transceiver 1512 that is effectively an MS 140 integrated into the location subsystem IS08. Thus, if the 
HBS 148 travels through an area having poor infrastructure signal coverage, then the MBS may not be able to communicate reliably 
5 with the location center 142 (e.g^ in rural or mountainous areas having reduced wireless telephony coverage). So it is desirable that 
the NBS 148 must be capable of funrtioning substantially autonomously from the location center. In one embodiment, this implies 
that each HBS 148 must be capable of estimating both its own location as well as the location of a target NS 140. 

Additionally, many commercial wireless telephony technologies require all BS's in a network to be very accurately time 
synchronized both lor transmitting MS voice communication as well as for other services such as MS loation. Accordingly, the MBS 
10 148 will also require such time synchronization. However, since an MBS 148 may not be in constant communication with the fixed 
location BS network (and indeed may be off-line for substantial periods of time), on-board highly accurate timing device may be 
necessary. In one embodiment, such a device may be a commercially available ribidium oscillator 1520 as shown in Fig. I L 

Since the MBS 148 , includes a scaled down version of a BS 122 (denoted 1522 in Fig. II), it is capable of performing most typical 
BS 122 tasks, albeit on a reduced scale. In particular, the base station portion of the MBS 148 can: 
15 (a) raise/lower its pilot channel signal strength, * 

(b) be in a sute of soft hand-off with an MS 140, and/or 

(c) be the primary BS 122 for an MS 140, and consequently be in voice communication with the target MS (via the HBS 
operator telephony interface 1 524) if the MS supports voice communication. 

further, the MBS 148 can, if it becomes the prima^ base station communicating with the MS 140, request the MS to raise/lower its 
20 power or, more generally, control the communication with the MS (via the base station components 1522). However, since the MBS 
148 will likely have substantially reduced telephony traffic opacity in comparison to a standard infrastruaure base station 122, note 
that the pilot channel for the MBS is preferably a nonstandard pilot channel in that it should not be identified as a conventional 
telephony traffic bearing BS 122 by M$'s seeking normal telephony communication. Thus, a target MS 140 requesting to be located 
may, depending on its capabilities, eitherautomatically configure itself to scan for certain predetermined MBS pilot channels, or be 
25 instruaed via the fixed location base station network (equivalent^ BS infrastructure) to scan for a certain predetermined MBS pilot 
channel. 

Moreover, the MBS 148 has an additional advanuge in that it can substantially increase the reliability of communiation with a 
target MS 140 in comparison to the base station infrastruaure by being able to move toward or track the target MS 140 even if this 
MS is in (or moves into) a reduced infrastructure base station network coverage area. Furthermore, an MBS 148 may preferably use a 
30 directional or smart antenna 1526 to more accurately locate a direaion of signals from a target MS 140, Thus, the sweeping of such a 
smart antenna 1526 (physically or elearonically) provides diredonal informiation regarding signals received from the target MS 140. 
That is, such directional information is determined by the signal propagation delay of signals from the target MS 140 to the angular 
sectors of one of more diredonal antennas 1526 on-board the MBS 148. 
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Before proceeding to further details of the HBJ location subjysiem 1 508. an example of the operation of an MBS 148 in the 
context of responding to a 91 1 emergency call is given. In particular, this example describes the high level computational states 
through which the MBS MB transitions, these states also being illustrated in the sute transition diagram of fig. 12. Note that this 
figure illustrates the primary state transitions between these MBS 148 states, wherein the solid state transitions are indicative of a 
typical "ideal" progression wlien locating or tracking a target MS 140, and the dashed state transitions are the primary state 
revenions due, for example, to difficulties in locating the target MS 140. 

Accordingly, initially the MBS 148 may be in an inactive state 1700, wherein the MBS location subsystem 1508 is effectively 
available for voice or data communication with the fixed location base station network, but the MS 140 locating capabilities of the 
MBS are not active. Prom the inartive state 1700 the MBS (e.g., a police or rescue vehicle) may enter an aaive state 1704 once an 
MBS operator has logged onto the MBS location subsystem of the MBS, such logging being for authentication, verification and 
joumaling of MBS 148 events. In the active state 1704, the MBS may be listed by a 91! emergency center and/or the location center 
142 as eligible (or service in responding to a 91 1 request From this state, the MBS 148 may transition to a ready state 1708 signifying 
that the MBS is ready for use in locating and/or intercepting a target MS 140. That is. the MBS 148 may transition to the ready state 
1708 by performing the following $tep$: 

(la) Synchronising the timing ol the location subsystem 1508 with that of the base station network infrastructure. In one 

embodiment, when requesting such time synchronization from the base station infrastruaure. the MBS 148 will be at a 

predetermined or well known location so that the MBS time synchronization may adjust for a known amount of signal 

propagation delay in the synchronization signal, 
(lb) Establishing the location of the MBS 148. In one embodiment, this may be accomplished by, for example, an MBS operator 

identifying the predetermined or well known location at which the MBS 148 is tocated. 
(I c) Communicating with, for example, the 91 1 emergency center via the fixed location base station infrastrurture to identify 

the MBS 148 as in the ready state. 

Thus, while in the ready state 1708, as the MBS 148 moves, it has its location repeatedly (re)-estimated via. for example. 
GPS signals, location center I42S location estimates from the base sutions 122 (and 152). and anon-board deadreckoning subsystem 
1 527 having an MBS location estimator according to the programs described hereinbelow. However, note that the accuracy of the 
base station time synchronization (via the ribidium oscillator 1520) and the accuracy of the MBS 148 location may need to both be 
periodically recalibrated according to (la) and (lb) above. 

Assuming a 91 1 signal is transmitted by a target MS 140, this signal is transmitted, via the fixed location base station 
infrastrurture, to the 91 1 emergency center and the location center 142, and assuming the MBS 148 is in the ready state 1708, if a 
corresponding 91 1 ernergency request is transmitted to the MBS (via the base station infrastrurture) from the 911 emergency center 
or the location center, then the MBS may transition to a seek state 1712 by performing the following steps: 

(2a) Communiating with, for example, the 91 i emergency response center via the fixed location base station network to receive 

the PN code for the target MS to be located (wherein this communication is performed using the MS-like transceiver 1512 

and/or the MBS operator telephony interface 1524). 
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{2b) Obtaining a most recent target MS location estimate from either the 91 1 emergency center or the location center 142. 
(2c) Inputting by the MBS operator an acknowledgment of the target MS to be located, and transmitting this acknowledgment 
to the 91 1 emergency response center via the transceiver 1512. 

Subsequently, when the MBS 148 is in the seek state 1712, the MBS my commence toward the target MS location estimate 
provided. Note that it is likely that the MBS is not initially in direct signal contart with the target MS. Accordingly, in the seek sute 
1712 the following steps may be, for example, performed: 

{3a) The location center 142 or the 91 1 emergency response center may inform the target MS, via the fixed location base station 

network, to lower its threshold for soft hand-off and at least perradically boost its location signal strength. Additionally, 

the target MS may be informed to scan for the pilot channel of the MBS 148. {Note the artions here are not. anions 

performed by the MBS 148 in the "seek state"; however, these actions are given here for clarity and completeness.) 
(3b) Repeatedly, as sufficient new MS location information is available, the location center 142 provides new MS location 

estimates to the MBS 148 via the fixed location base station network. 
(3c) The MBS repeatedly provides the MBS operator with new target MS location estimates provided substantially by the location 

center via the fixed location base station network. 
(3d) The MBS 148 repeatedly attempts to detea a signal from the target MS using the PN code for the target MS. 
(3e) The MBS 148 repeatedly estimates its own tocation (as in other states as well), and receives MBS location estimates from 

the location center. , 

Assuming that the MBS 148 and target MS 140 detea one another (which typically occurs when the two units are within 2S 
to 3 miles of one another), the MBS enters a contact state 1716 when the target MS 140 enters a soft hand-off state with the NBS. 
Accordingly, in the coniaa state I7l6,thefollowingstep$are,forexample,performed: 
(4a) The MBS 1 48 repeatedly estimates its own location. 

(4b) Repeatedly, the loation center 142 provides new target MS 140 and MBS location estimates to the MBS 148 via the fixed 

location base infrastruaure network. 
(4c) Since the MBS 148 is at least in soft hand-off with the target MS 140, the MBS can estimate the direaion and distance of 

the target MS itself using, for example, detected target MS signal strength and TOA as well as using any recent location 

center target MS loation estimates. 
(4d) The MBS 148 repeatedly provides the MBS operator with new target MS location estimates provided using MS location 

estimates provided by the MBS itself and by the location center via the fixed location base station network. 

When the target MS 140 deteas that the MBS pitoi channel is sufficiently strong, the target MS may switch to using the 
MBS 148 as its primary base station. When this occurs, the MBS enters a control state 1720, wherein the following steps are, for 
example, performed: 
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(5a) The N6S MB repeatedly estimates its own location. 

(Sb) Repeatedly, the location center 142 provides new target MS and MBS location estimates to the MBS 148 via the network of 
base stations 122 (152). 

(5c) The MBS 148 estimates the dirertion and disunce of the target MS 140 itself using, for example, delerted target MS signal 
strength and TOA as well as using any recent location center target MS location estimates, 

(5d) The MBS 148 repeatedly provides the MBS operator with new target MS location estimates provided using MS location 
estimates provided by the MBS itself and by the loation center 142 via the fixed location base station network. 

(5e) The MBS 148 becomes the prinary base statron for the target MS 140 and therefore controls at least the signal strength 
output by the target MS. 

Note, there can be more than one MBS 148 tracking or loating an HS 140. There can also be more than one target MS 140 to be 
tracked concurrently and each target MS being tracked may be $tationa7 or moving. 

MBS Subsystem Architecture 

An MBS 148 uses MS signal characteristic data for locating the HS 140. The MBS 148 may use such signal characteristic data to 
facilitate determining whether a given signal from the HS is a "direct shot" or an multipath signaL That is, in one embodiment, the 
MBS 148 attempts to determine or detea whether an MS signal transmission is received dirertly, or whether the transmission has been 
reflerted or defleaed. for example, the MBS may determine whether the expected signal strength, and TOA agree in distance 
estimates for the MS signal transmissions. Note, other signal charaaeristics may also be used, if there are sufficient electronics and 
processing available to the MBS 148; ijj., determining signal phase and/or polarity as other indications of receiving a "dirert shot" 
from an MS 140. 

In one embodiment, the MBS 148 (fig. 1 1) includes an MBS controller 1533 for controlling the location capabilities of the MBS 
148. In particular, the MBS controller 1533 initiates and conuols the MBS state changes as described in fig. 12 above. Additionally, 
the MBS controller 1533 also communicates with the location controller 1535, wherein this latter controller controls MBS activities 
related to MBS location and urget MS location; e.g.. this performs the program, "mobile_base_station_controller" described in 
APPENDIX A hereinbelow. The location controller 1535 receives data input from an event generator 1537 for generating event 
records to be provided to the location controller 1535, for example, records may be generated from data input received from: (a) 
the vehicle movement detector 1 539 indicating that the MBS 148 has moved at least a predetermined amount and/or has changed . 
direction by at least a predetermined angle, or (b) the MBS signal processing subsystem 1541 indicating that the additional signal 
measurement data has been received from either the location center 142 or the target HS 140. Note that the MBS signal processing 
subsystem 1541 , in one embodiment, is similar to the signal processing subsystem 1220 of the location center 142. may have multiple 
command schedulers. In particular, a scheduler 1528 for commands related to communicating with the location center 142, a 
scheduler 1530 for commands related to GPS communication (via GPS receiver 1531), a scheduler 1529 for commands related to the 
frequency and granularity of the reporting of MBS changes in direction and/or position via the MBS dead reckoning subsystem 1527 
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(note that this scheduler is potentiall/ optional and that such commands may be provided directly to the deadreckoning estimator 
1544). and a scheduler 1532 for communicating with the target M$($) 140 being located, further, it is assumed that there is 
sufficient hardware and/or software to appear to perform commands in different jchedulen substantially concurrently. 

In order to display an MBS computed location of a tatget MS 140, a loation of the HBS must be known or determined. 
Accordingly, each MBS 148 has a plurality of MBS loation estimators (or hereinafter also simply referred to as location estimators) 
for determining the loation of the MBS. Each such location estimator computes HBS loation information such as HBS loation 
estimates, changes to MBS loation estimates, or. an MBS toatioo estimator may be an interface for buffering and/or translating a 
previously computed MBS loation estimate into an appropriate format. In particular, the HBS loation module 1536, which 
determines the loation of the MBS. may include the following MBS location estimaton 1540 (also denoted baseline loation 
estimators): 

(a) a GPS loation estimator 1540a (not individually shown) for computing an HBS loation estimate using GPS signals, 

(b) a location center loation estimator 1540b (not individually shown) for buffering and/or translating an HBS estimate 
received from the loation center 142, 

(c) an MBS operator loation estimator 1540c (not individually shown) for buffering and/or translating manual MBS loation 
entries received from an MBS kiation operator, and 

(d) in some HBS embodimerts, an LBS loation estimator I540d (not individually shown) for the activating and deactivating 
of LBS's 151 Note that, in high multipath areas and/or stationary base station marginal coverage areas, such low cost 
loation base stations 152 (IBS) may be provided whose bations are fixed and accurately predetermined and whose 
signals are substantially only receivable within a relatively small range (e.g, 2000 feet), the range potentially being 
variable. Thus, by communiating with the LBS's 152 directly, the MBS 148 may be able to quickly use the location 
information relating to the bation base stations for determining its loation by using signal characteristics obtained 
from the LBSs 152. 

Note that each of the HBS baseline location estimators 1540, such as those above, provide an actual MBS location rather than, for 
example, a change in an MBS loation. further note that it is an aspect of the present invention that additional MBS baseline loation 
estimaton 1540 may be easily integrated into the MBS bation subsystem 1508 as such baseline tootion estimators become 
available, for example, a baseline bation estimator that receives HBS loation estimates from reflective codes provided, for 
example, on streets or street signs an be straightfoiwardly incorporated into the MBS loation subsystem 1508. 

Additionally, note that a plurality of MBS loation technobgies and their corresponding MBS location estimators are utilized 
due to the fact that there is currently no single loation technobgy available that is both sufficiently fast, accurate and accessible in 
substantially all tenains to meet the loatbn needs of an MBS 148. for example, in many terrains GPS technologies may be 
sufficiently accurate; however, GPS technobgies: (a) may require a relatively long time to provide an initial loation estimate (e.g.. 
greater than 2 minutes); (b) when GPS communiation is disturbed, it may require an'equally long time to provide a new loation 
estimate; (c) ctouds, buiWings.and/or mountains an prevent toatbn estimates from being obtained; (d) in some ases signal 
reflections an substantially skew a loation estimate. As another example, an MBS 148 may be able to use triangulation or 
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trilateralization technologiej to obtain a location estimate; however, this assumes that there is sufficient (fixed location) 
infrastruaure BS coverage in the area the MBS is located, further, it is well knov/n that the multipath phenomenon can substantially 
distort such location estimates. Thus, for an MBS M8 to be highly effective in varied terrains, an HBS is provided with a plurality of 
location technologies, each supplying an MBS location estimate. 

In fact, much of the architeaure of the location engine 139 could be incorporated into an MBS 148. For example, in some 
embodiments of the HBS 148, the following FOMs 1224 may have similar location models incorporated into the HBS: 

(a) a variation of the distance FOH 1224 wherein TOA signals from communicating fixed location BS's are received (via 
the MBS transceiver ISI2) by the MBS and used for providing a location estimate; 

(b) a variation of the artificial neural net based FOMs 1224 (or more generally a tocation learning or a classification 
model) may be used to provide MBS location estimates via. for example, learned associations between fixed location 
BS signal characteristics and geographic locations; 

(c) an LBS location FOH 1224 for providing an HBS with the ability to activate and deaaivate LBS*s to provide (positive) 
MBS location estimates as well as negative MBS location regions (Le., regions where the MBS is unlikely to be since 
one or more LBS*$ are not detected by the HBS tranKeiver); 

(d) one or more HBS location reasoning agents and/or a location estimate heuristic agents for resoking HBS location 
estimate conflicu and providing greater HBS location estimate accuracy, for example, modules similar to the 
analytical reasoner module 1416 and the historical location reasoner module 1424. 

However, for those HBS location models requiring communication with the base station infrastruaure, an alternative 
embodiment is to rely on the location center 142 to perform the compuutions for at least some of these HBS FOH models. That is, 
since each of the HBS location models mentioned immediately above require communication with the network of fixed location BS*$ 
122 (152), it may be advantageous to transmit HBS location estimating data to the location center 142 as if the HBS were another HS 
140 for the location center to locate, and thereby rely on the location estimation capabilities at the location center rather than 
duplicate such models in the HBS I4B. The advantages of this approach are that: 

(a) an HBS is likely to be able to use less expensive processing power and software than that of the location center; 

(b) an MBS is likely to require substantially less memory, particularly for data bases, than that of the location center. 
As will be discussed further below, in one embodiment of the MBS 148. there arc confidence values assigned to the locatwns 

output by the various location estimators 1540. Thus, the confidence for a manual entry ol location data by an HBS operator may be 
rated the highest and followed by the confklence for (any) GPS location data, followed by the confidence for (any) location center 
location 142 estimates, followed by the confidence for (any) loation estimates u«ng signal characteristic dau from LBSs. However, 
such prioritization may vary depending on, for instance, the radio coverage area 120. In an one embodiment of the present 
invention, it is an aspert of the present invention that for MBS location data received from the GPS and location center, their 
confidences may vary according to the area in which the MBS 148 resides. That is, if it is known that for a given area, there is a 
reasonable probability that a GPS signal may suffer multipath distortions and that the location center has in the past provided 
reliable location estimates, then the confidences for these two loation sources may be reversed. 
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In one embodiment of the present invention, HBS operaton may be requested to occasionally manually enter the location of the 
HBS 148 when the MBS is stationary for determining and/or calibrating the accuracy of various HBS location estimators. 

There is an additional imf)ortant source of location information for the MBS 148 that is incorporated into an MBS vehicle 
(such as a police vehicle) that has no comparable functionality in the network of flxed location BS's. That is, the MBS 148 may use 
deadreckoning information provided by a deadreckoning MBS location estimator IS44 whereby the HBS may obtain HBS 
deadreckoning location change estimates. Accordingly* the deadreckoning MBS kication estimator IS44 may use. for example, an on- 
board gyroscope IS50, a wheel roution measurement device (e.g., odometer) 1554, and optionally an accelerometer (not shown). 
Thus, such a deadrectoning HBS location estimator 1544 periodically provides at least HBS disunce and direaional data related to 
MBS movements from a most recent MBS tocation estimate. More precisely, in the absence of any other new HBS location 
information, the deadreckoning HBS location estimator 1544 outputs a series of raeasurcmentj, wherein each such measurement is an 
estimated change (or delta) in the position of the MBS 148 between a request input timestamp and a closest time prior to the 
timestamp, wherein a previous deadreckoning terminated. Thus, each deadreckoning location change estimate includes the following 
fields: 

(a) an "earliest timestamp" field for designating the stert time when the deadreckoning location change estimate 
commences measuring a change in the location of the MBS; 

(b) a "latest timestamp" field for designating the end time when the deadreckoning location change estimate stops 
measuring a change in the location of the MBS; and 

(c) an MBS loGtion change vector. 

That is, the •'latest timestamp" is the timestamp input with a request for deadreckoning location dau, and the "earliest timestainp" 
is the timestamp of the closest time, T, prior to the latest timestamp, wherein a previous deadreckoning output has its a timestamp 
at a time equal to T. 

Further, the frequency of such measurements provided by the deadreckoning subsystem 1527 may be adaptively provided 
depending on the velocity of the MBS 148 and/or the elapsed time since the most recent HBS location update. Accordingly, the 
architeaure of at least some embodiments of the MBS location subsystem 1 508 must be such that it can utilize such deadreckoning 
information for estimating the location of the MBS 148. 

In one embodiment of the MBS kication subsystem 1508 described in further detail hereinbelow, the outputs from the 
deadreckoning HBS location estimator 1544 are used to synchronize HBS tocation estimates from different MBS baseline location 
estimators. That is. since such a deadreckoning output may be requested for substantially any time from the deadreckoning MBS 
location estimator, such an output can be requested for substantially the same point in time as the occurrence of the signals from 
which a new HBS baseline location estimate is derived. Accordingly, such a deadreckoning output can be used to update other MBS 
loation estimates not using the new HBS baseline location estimate; 

It is assumed that the error with dead reckoning increases with deadreckoning disUnce. Accordingly, it is an aspect of the 
embodiment of the MBS location subsystem IS08 that when incrementally updating the tocation of the MBS 148 using deadreckoning 
and applying deadreckoning location change estimates to a **most likely area" in which the HBS 148 is believed to be, this area is 
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incrementally enlarged as well as shifted. The enlargement of the area is used to account for the inaccutaq in the deadreckoning 
capability. Note, however, that the deadreckoning HBS location estimator is periodically reset so that the error accumulation in iu 
outputs can be decreased. In particular, such resetting occurs when there is a high probability that the location of the MBS is known. 
For example, the deadreckoning HBS locatron estimator may be reset when an HBS operator manually enten an MBS location or 
5 verifies an MBS location, or a computed HBS loation has sufficiently high confidence. 

Thus, due to the MBS 148 having less accurate location information (both about itself and a target MS MO), and further that 
deadrecbning information must be utilized in maintaining MBS location estimates, a first embodiment of the MBS location subsystem 
architecture is somewhat different from the location engine U9 architerture. That is, the architecture of this first embodiment is 
simpler than that of the architecture of the location engine 139. However, it important to note that, at a high level, the architeaure 

10 of the location engine 139 may also be applied for providing a second embodiment of the MBS location subsystem 1508, as one skilled 
in the art will appreciate after reflecting on the architertures and processing provided at an HBS 148. For example, an MBS location 
subsystem I SOB architecture may be provided that has one or more fim order models 1224 whose output is supplied to, for example, 
a blackboard or expert system for resoling MBS location estimate conflicts, such an architeaure being analogous to one 
embodiment of the location engine 139 architecture. 

15 Furthermore, it is also an important aspca of the present invention that, at a high level, the HBS locatwn subsystem 

architerture may also be applied as an alternative architeaiire for the location engine 139. For example, in one embodiment of the 
location engine 139, each of the first order models 1224 may provide its MS location hypothesis outputs to a corresponding "location 
track," analogous to the MBS location tracks described hereinbelow, and subsequently, a most likely MS current location estimate 
may be developed in a "current location track" (also described hereinbelow) using the most recent location estimates in other 

20 location tracks. 

Further, note that the ideas and methods discussed here relating to HBS location estimators 1540 and HBS location tracks, and, 
the related programs hereinbelow are sufficiently general so that these ideas and methods may be applied in a number of contexts 
related to determining the location of a device capable of movement and wherein the location of the device must be maintained in 
real time, for example, the present ideas and methods may be used by a robot in a very cluttered environment (e.g., a warehouse), 
25 wherein the robot has access: (a) to a plurality of "robot location estimators'* that may provide the robot with sporadic location 
information, and (b) to a deadreckoning location estimator. 

Each MBS 148, additionally, has a location display (denoted the MBS operator visual user interface 1 558 in Fig. 1 1 ) where area 
maps that may be displayed together with tocation data. In particular, MS location data may be displayed on this display as a nested 
collection of areas, each smaller nested area being the most likely area within (any) encompassing area for locating a urget MS 140. 
30 Note that the HBS controller algorithm below may be adapted to receive location center 142 data for displaying the locations of other 
HBSs 148 as well as target MSs 140. 

Further, the MBS 148 may constrain any location estimates to streets on a street map using the MBS location snap to street 
module 1562. For example, an estimated MBS location not on a street may be "snapped to" a nearest street location. Note that a 
nearest street location determiner may use "normal" orientations of vehicles on streets as a constraint on the nearest street location. 
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Particularly, if an MBS 148 is moving at lypial rates of speed and acceleration, and without abrupt changes direction, for example, 
if the deadreckoning MBS location estimator 1544 indicates that the MBS 148 is moving in a northerly direction, then the street 
snapped to should be a north-south ninning street Moreover, the MBS location snap to street module 1562 may also be used to 
enhance target MS location estimates when, for example, it is known or suspected that the target MS 140 is in a vehicle and the 
5 vehicle is moving at typical rates of speed. Furthermore, the snap to street location module 1562 may also be used in enhancing the 
location of a target MS 140 by either the MBS 148 or by the locatnn engine 139. In particular, the location estimator U44 or an 
additional module between the location estimator 1344 and the output gateway 1356 may utilize an embodiment of the snap to street 
location module IS62 to enhance the accuracy of target MS 140 loation estimates that are known to be in vehicles. Note that this 
may be especially useful in looting stolen vehicles that have embedded wireless loation transceiven (MSs 140), wherein appropriate 
10 wireless signal measuremeriQ an be provided to the location center 142. 

MBS Data Struaure Re marks 

Assuming the existence of at least some of the loation estimators 1540 that were mentioned above, the discussion here refen ' 
substantially to the data struaures and their organization as illustrated in Fig. 13. 

The loation estimates (orhypothesesjforan MBS I4B determining its own loation eachhave an error or range estimate 
ajsflciated with the MBS loation estimate. That is, each such MBS loation estimate includes a "most likely MBS point loation" 
within a "most likely area". The "most likely MBS point loation" is assumed herein to be the centroid of the "most likely area." Itf 
one embodiment of the MBS loation subsystem 1508. a nested series of "most likely areas" may be provided about a most likely • 
MBS point loation. However, to simplify the discussion herein each MBS loation estimate is assumed to have a single "most fikely 
area". One skilled in the art will understand how to provide such nested "most likely areas" from the description herein. 
Additionally, it is assumed that such "most likely areas" are not grossly oblong; Le., area cross sectioning lines through the centroid 
of the area do not have large differences in their lengths. For example, for any such "most likely area", A. no two such cross 
sectioning lines of A may have lengths that vary by more than a factor of two. 

Each MBS location estimate also has a confidence assodated therewith providing a measuremem of the perceived accuracy of 
the MBS being in the "most likely area" of the location estimate. 

A (MBS) "locatten track" is an data structure (or object) having a queue of a predetermined length for maimaining a temporal 
(timestamp)ordering of "loation track entries" such as the toation track entries 1770a. 1770b, 1774a, 1774b. 1778a. 1778b. 1782a, 
1782b, and 1786a (fig. 13). wherein each such MBS toation trackent^ isan estimate of the loation of the MBS at a particular 
corresponding time. 

There isan MBS loation track for storing MBS loation entries obtained from MBS locatwn estimation information from each of 
the MBS baseline loation estimators described above (i.e, a GPS loation track 1750 for storing MBS loation estimations obtained 
from the GPS loation estimator 1540, a loation center kiotion track 1754 for storing MBS loation estimations obtained from the 
loation estimator 1540 deriving its MBS loatmn estimates from the loation center 142, an IBS loation track 1758 for storing MBS 
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location euimations obtained from the location estimator 1540 deriving its MBS location estimates from base stations 122 and/or 
152. and a manual location track 1762 for NBS operator entered MBS loations). Additionally, there is one further location track, 
denoted the **current location track" 1766 wirose location track entries may be derived from the entries in the other location tracks 
(described further hereinbelow). Further, for each location track, there is a location track head that is the head of the queue for the 
location track. The tocation track head is the most recent (and presumably the mojt aaurate) MBS location estimate residing in the 
location track. Thus, for the GPS loation track 1750 has location track head 1770; the location center location track 1754 has 
location track head 1774; the LBS loation track 1758 has location track head I77B; the manual locatwn track 1762 has location track 
head 1782; and the current location track 1766 has location track head 1786. Additionally, for notational convenience, for each 
location track, the time series of previous MBS location estimations (i.e.. location track entries) in the location track will herein be 
denoted the "path for the location track." Such paths are typically the length of the location track queue containing the path. Note 
that the length of each such queue may be determined using at least the following considerations: 

(i) In certain circumstances (described hereinbelow), the location track entries are removed from the head of the 
location track queues so that location adjustments may be made. In such a case, it may be advantageous for the 
length of such queues to be greater than the number of entries that are experted to be removed; 

(ii) In determining an MBS loation estimate, it may be desirable in some embodiments to provide new location 
estimates based on paths associated with previous MBS loation estimates provided in the corresponding loation 
track queue. 

Also note that it is within the scope of the present im^ention that the loation track queue lengths may be a length of one. 
Regarding loation track entries, each loation track ent^ includes: 

(a) a "derived loation estimate" for the MBS that is derived using at least one of: 

(i) at least a most recent previous output from an NBS baseline loation estimator IS40 (i.e., the output being an 
MBS location estimate); 

(ii) deadreckoning output information from the deadreckoning subsystem 1527. 

Further note that each output from an MBS loation estimator has a "type" Field that is used for identifying the MBS 
loation estimator of the output 

(b) an "earliest timestamp" providing the time/date when the earliest MBS toation information upon which the derived 
loation estimate for the MBS depends. Note this will typialty be the timestamp of the eariiest MBS loation 
estimate (from an MBS baseline location estimator) that supplied MBS loation information used in deriving the 
derived loation estimate for the MBS 148. 

(c) a "latest timestamp" providing the time/date when the latest MBS loation information upon which the derived 
loation estimate for the MBS depends. Note that earliest timestamp = latest timestamp only for so ailed 
"baseline entries*' as defined hereinbelow. further note that this attribute is the one used for maintaining the 
"temporal (timestamp) ordering" of loation track entries. 
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(d) A "deadreckoning distance" indicating the total distance (e.g., wheel turns or odometer difference) since the most 
recently previous baseline entry for the corresponding HBS location estimator for the location track to which the 
location track entry is assigned, 
for each MBS location track, there are two categories of NBS location track entries that may be inserted into a MBS location 
track 

(a) "baseline" entries, wherein each such baseline entry includes (depending on the locatwn track) a location estimate 
for the HBS 148 derived from: (i) a most recent previous output either from a corresponding HBS baseline location 
estimator, or (ii) from the baseline entries of other location tracks (this latter ase being the for the "current" 
location track); 

(b) "extrapolation" entries, wherein each such ent^ includes an MBS location estimate that has been extrapolated from 
the (most recent) location track head for the location track (i.e.. based on the track head whose "latest timestamp" 
immediately precedes the latest timestamp of the extrapolation ent^). Each such extrapolation entry is computed 
by using data from a related deadreckoning location change estimate output from the deadreckoning HBS location 
estimator 1544. Each such deadreckoning location change estimate includes measurements related to changes or 
deltas in the location of the MBS 148. Hore precisely, for each location track, each extrapolation ent7 is determined 
using: (i) a baseline entry, and (ii) a set of one or more (Le., all later occurring) deadreckoning location change 
estimates in increasing "latest timestamp" order. Note that for notational comrenience this set of one or more 
deadreckoning location change estimates will be denoted the "deadreckoning location change estimate set" 
associated with the extrapolation ent^ resulting from this set. 

(c) Note that for each location track head, it is either a baseline entry or an extrapolation ent^. Further, for each 
extrapolation entry, there is a most recent baseline entry, 8, that is eariier than the extrapolation ent^ and it is this 

. B from which the extrapolation entry was extrapolated. This earlier baseline entry, B, is hereinafter denoted the 
"baseline ent7 associated with the extrapolation entry." Hore generally, for each location track ent^, T, there is a 
most recent previous baseline entry, B, associated with T, wherein if T is an extrapolation ent^, then B is as defined 
above, else if T is a baseline entry itself, then T = B. Accordingly, note that for each extrapolation entry that is the 
head of a location track, there is a most recem baseline ent^ associated with the extrapolation entry. 
Further, there are two categories of location tracks: 

(a) "baseline location tracks," each laving baseline entries exclusively from a single predetermined MBS baseline 
location estimator; and 

(b) a "current" HBS loation track having entries that are computed or determined as "most likely" MBS location 
estimates from entries in the other HBS location tracks. 
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MBS Location Estimating Strategy 

In order to be able to properly compare the track heads to determine the most likely MBS location estimate it is an aspea of the 
present invention that the track heads of all loation tracks include HBS location estimates that are for substantially the same 
(latest) timestamp. However, the MBS location information from each HBS baseline location estimator is inherently subsunttally 
5 unprediaable and unsynchronized. In fact, the only HBS location information that may be considered predicable and controllable is 
the deadrecbning location change estimates from the deadreckoning HBS location estimator 1544 in that these estimates may 
reliably be obtained whenever there is a que7 from the locatron controller 1535 for the most recent estimate in the change of the 
location for the MBS 148. Consequently (referring to Fig. 13), synchronization records 1790 (having at least a 1790b portion, and in 
some cases also having a 1790a portion) may be provided for updating each location track with a new MBS location estimate as a new 

10 , track head. In particular, each synchronization record includes a deadreckoning loation change estimate to be used in updating all 
but at most one of the location track heads with a new MBS location estimate by using a deadreckoning location change estimate in 
conjunction with each HBS location estimate from an HBS baseline location estimator, the location track heads may be synchronized 
according to timestamp. More precisely, for each HBS location estimate, E, from an MBS baseline location estimator, the present 
invention also substantially simuluneously queries the deadreckoning MBS location estimator for a corresponding most recent change 

15 in the location of the MBS 1 48. Accordingly, E and the retrieved MBS deadreckoning location change estimate. C, have substantially 
the ame "latest timestamp". Thus, the location estimate E may be used to create a new baseline track head for the location track 
having the corresponding type for E, and C may be used to create a corresponding extrapolation entry as the head of each of the * 
other loation tracks. Accordingly, jince for each MBS loation estimate,!, there is a MBS deadreckoning location change estinrate. C. 
having substantially the same "latest timestamp", E and C will be hereinafter referred as "paired." 

20 High level descriptions of an embodiment of the loation funaions performed by an HBS 148 are provided in APPENDIX A 
hereinbelow. 
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APPENDIX A: MBS Function Embodiments 

Mobile Base Station Controller Program 

mobile_base_station_controller() 

{ 

wBitJorJnput_of_nnt_HBSJoami{m\iX^^^ /* "event** is a reconi (object) with MBS location data ♦/ 
WHILE (no MBS operator input to exit) DO 

CASE OF (event): /* determine the type of "event" and process it. */ 

MBS LOCATION DATA RECEIVED FROM GPS: 

MBS LOCATION DATA RECEIVED FROM LBS: 

MBS LOCATION DATA RECEIVED FROM ANY OTHER HIGHLY REUABLE MBS LOCATION 
SOURCES (EXCEPT LOCATION CENTER): 

M BS_ne w^est < — g€t_ HBS_ location^ using^ estimte{um); 
/* Note, whenever a new MBS location estimate is entered as a baseline estimate into the location tracb, the other 
location tracks must be immediately updated with any deadreckoning loration change estimates so that all 
location tracks arc substantially updated at the same time. */ 

deadreckjst <-"get_de2drecbning_loatm_change_estimBte{^^^ 

MBS_curr jst < - DETERMINE_MBS^LOCATION^ESTIMATE(MBS_new_est. deadreck^est); 
if (f1BS_curr_est.confidcnce > a predetermined high confidence threshold) then 
reset_ deadreckoning^ MBS_ loathn_ esrmwf{min); 

/* deadreckoning starts over from here. */ 

Send MBS location information to the Location Center. V 

if ( MBS has not moved since the last MBS location estimate of this type and is not now moving) then 
{ 

configure the MBS on-board transceiver (e.g., MBS-MS) to immediately transmit location signals to the fixed 
location BS network as if the MBS were an ordinary location device (MS); 

communicate with the Location Center via the fixed location BS infrastruaurc the following: 
(a) a "locate me" signal, 

lis 
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(b) MBS_curr_est. 

(c) HBS_new_estand 

(d) the timejtamp for the present event. 

Additionally, any location signal information between the MBS and the present target MS may be 
5 transmitted to the Location Center so that this information may also be used by the Location Center to 

provide better estimates of where the MBS is. further, if the MBS determines that it is immediately adjacent 
to the target MS and also that its own location estimate is highly reliable (e.g;, a GPS estimate), then the 
MBS may also communiate this information to the Location Center so that the Location Center can: (a) 
associate any target MS location signature cluster dau with the fixed base station infrastrurture with the 
10 location provided by the MBS, and (b) insert this associated data into the location signature data base of the 

Location Center as a verified cluster of "random loc sigs"; 

/* note, this transmission preferably continues (i.e.. repeatt) for at least a predetermined length of time of 
sufficient length for the Signal Processing Subsystem to collea a sufficient signal characteristic sample size. 
•/ 

15 } 

else SCHEDULE an event (if none scheduled) to transmit to the Location Center the following: (a) MBS_curr_est, and 
(b) the GPS location of the MBS and the time of the GPS location estimate; 

/• Now update MBS display with new MBS location; note. MBS operator must request MBS locations 
on the MBS display; if not requested, then the folbwing call does not do an update. */ 
20 updatB_HBS_openwr_display_wi(h_HBS_esi(Ml^^ 

} 

SINCE LAST MBS LOCATION UPDATE 

MBS HAS MOVED A THRESHOLD DISTANCE: { 

25 deadiTck_e$t <-'get_deadr^ckoning_hatm_ch2nge_enimtf{mr^^^^^ 

I* Obtain from MBS Dead Reckoning Location Estimator a new dead reckoning MBS location estimate 
having an estimate as to the MBS location change from the location of the last MBS location 
provided to the MBS.*/ 

MBS>rr_est <— DETERMINE_MBS_LOCATI0N_ESnMATE(NULLdeadreck_e$t); 

30 /• this new MBS estimate will be used in new target MS estimates*/ 

update^ f1BS_ disphy_ wkb_ updated^ MBS_ hcatioi{mijmrji\)\ 

SCHEDULE an event (if none scheduled) to request new GPS location data for MBS; 
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SCHEDULE an event (if none scheduled) to request communication with Location Center (LC) related to new HBS 
location data; 

SCHEDULE an event (if none scheduled) to request mt LBS location communication between the MBS and any LBS's 
that can detect the MBS; 

5 /* Note, in some embodiments the processing of MBS location data from LBS's may be performed 

automatically by the Location Center, wherein the Location Center uses signal characteristic data from 
the LBS*s in determining an estimated location of the MBS. V 
SCHEDULE an event (if none scheduled) to obtain new target MS signal characteristics from MS; /* i.e.» may get 
a better target MS location estimate now. */ 

10 ^ } 

TIMER HAS EXPIRED SINCE LAST REUABLE TARGET MS LOCATION INFORMATION 
OBTAINED: { 

SCHEDULE an event (if none scheduled) to request location communication with the target MS, the event is at a very 
high priority; 

15 RESET timer for target MS location communication; /* T7 to get target MS location communication again within a 

predetermined time. Note, timer may dynamically determined according to the perceived velocity of the target 
MS.*/ 

} 

LOCATION COMMUNICATION FROM TARGET MS RECEIVED: { 

20 MS _raw_$ignal_data < — pt_HS^signBl_chBfscteristk^raw dat3{mv^\ 

/* Note. "MS_raw_signal_data" is an object having substantially the unfiltered signal chararteristic 
values for communications between the MBS and the target MS as well as timestamp information. */ 
Construa a message for sending to the Location Center, wherein the message includes at least 

**MS_raw_signaNata" and •*HBS jurrjst" so that the Location Center can also compute an estimated 
25 location for the target MS; 

SCHEDULE an event (if none scheduled) to request communiation with Location Center (LC) for sending the 
constructed message; 

/* Note, this data does not oveiwrite any previous data waiting to be sent to the LC. */ 

30 V^J\lVi^\J^v^<*''pt_NS_sigml_clmamristi^^ 

/• Note, the MS signal data obtained above is, in one embodiment, "raw" signal data. However, in a 
second embodiment, this data is Tiltered substantially as in the Location Center by the Signal 
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Pfocejsing Subsystem, for simplkity of discussion here, it is assumed that each MBS includes at least 
a scaled down version of the Signal Processing Subsystem (see FIG. 1 1). */ 
MS_newjst <~ DmRMm^MS_M(m_gEC£fni£mMAr^mjmjii. MSjurr est. 

MS jignaljata); 

/• May use forward and reverse TOA. TOGA, signal power, signal strength, and signal quality 
indicators. Note. "HS jurr_e$t" includes a timestamp of when the urget MS signals were received. 
*/ 

if (HS_new_€SLconridence > min_MSjonfidence ) then 
{ 

m3ri_ MS_ est_ as_ tempQrary()\ljmj\i)\ 

f* Note, it is assumed that this MS toation estimate is *'tempora7" in the sense that it will be 
replaced by a corresponding MS location estimate received from the Loation Center that is based on 
the same target MS raw signal data- That is. if the Location Center responds with a corresponding 
target MS location estimate. E, while "MS_new_e5t" is a value in a "moving window" of target MS 
location estimates (as described hereinbelow). then E will replace the value of •*HS_new_est^ Note, 
the moving window may dynamically vary in size according to, for example, a perceived velocity of 
the target MS and/or the MBS.*/ 

HS_movin£_window < — get^llS^movin^ window{mtiX)\ 

/* get moving window of location estimates for this target MS. */ 

add^ M5_ estimie_ to_ HS_ loation^ )f/i!Kfe»(HS_new_e$t» MSmovingwindow); 

/• Since any given single collection of measurements related to locating the target MS may be 
potentially misleading, a "moving window" of location estimates are used to form a "composite 
location estimate** of the target MS. This composite location estimate is based on some number of the 
most recent location estimates determined. Such a composite location estimate may be. for example, 
analogous to a moving average or some other weighting of target MS location estimates. Thus, for 
eumple. for each location estimate (le.. at least one MS location area, a most likely single location, 
and, a confidence estimate) a centroid type calculation may be performed to provide the composite 
location estimate.*/ ' 

MS_curr_est < ~ DET[mHEJSJOmWNJSTmTE{mj^mnijfM . 

/* DETERMINE new target MS location estimate. Note this may an average location or a weighted 
average location.*/ 

/py?7^;Kf_Jrf^^/tf/f^^^KmJ("TARGET_MSJCHEDULE^e 
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/• REMOVE ANY OTHER EVENTS SCHEDULED FOR REQUESTING LOCATION COMMUNICATION FROM 
TARGET MS*/ 

} 

else /* target MS location data received but it is not deemed to be reliable (e.g^ too much multipath and/or 
inconsistent measurements, so SCHEDULE an event (if none scheduled) to request new location 
communication with the target MS, the event is at a high priority*/ 
addjo_sMffkdymts(;'mQnjiSjmmV, evemi1S_ID); 

/* The MBS display may use various colors to represent nested loation areas overlayed on an area map 
wherein, for example, 3 nested areas may be displayed on the map overlay: (a) a largest area having a 
relatively high probability that the target MS is in the area (e.g,. > 95%); (b) a smaller nested area having 
a lower probability that the target MS is in this area (e.g.» > 80%); and (c) a smallest area having the 
lowest probability that the target MS is in this area (e.g., >70%). Further, a relatively precise specifrc 
location is provided in the smallest area as the most likely single location of the urget MS. Note that in one 
embodiment, the colors for each region may dynamically change to provide an indication as to how high 
their reliability is; e^^ no colored areas shown for reliabilities below, say, 40%; 40-S0% is purple; 50-60% 
is blue; 60-70% is green; 70-80% is amber; 80-90% is white; and red denotes the most likely single 
location of the target MS. Further note the three nested areas may collapse into one or two as the MBS gets 
closer to the target MS. Moreover, note that the collapsing of these different areas may provide operators in 
the MBS with additional visual reassurance that the location of the target MS is being determined with better 
accuracy .♦/ 

/• Now RESET timer for target MS location communication to try to get target MS 
location communication again witliin a predetermined time. */ 

/f jf/_/'//?7f/("TARGET_MS_SCHEDULE", event.MS_ID); 

} 

COMMUNICATION OF LOCATION DATA TO MBS FROM LOCATION CENTER. { 

/* Note, target MS location data may be received from the Location Center in the seek state, contact state and the 
control state. Such data may be received in response to the MBS sending target MS location signal data to the 
Location Center (as may be the case in the contaa ami control states), or such data may be received from the 
Location Center regardless of any previously received target MS location sent by the MBS (as may be the case in 
the seek, contaa and control states). */ 
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if ( (the timestamp of the latest MBS location data sent to the Location Center) < = (the timestamp 
returned by this Location Center communication identifying the MBS location data used by the Location Center 
for generating the MBS location data of the present event) ) 
then use the LC location data since it is more recent than what is currently being used. */ 

{ 

HBS_new_est <--' £et_loathff_Ceater_ff8S_esi(mnt); 
deadreck^est get_deidiKk0ning_loa(hn_clm^_e5(mt({^^ 

MBS currjst < -DCTERMINE_MBS^LOCATION JSTIMATE(HB$_new_est, deadreck_est); 
if (HBS_curr_estxonfidence > a predetermined high confidence threshold) then 

met_ d€Bdfeckoning_ MBS_ loatm_ estmtof(mnt)\ 
upd2te_MBS_opemtor_display_with_NBS_e5i^ll_^^^^ 

} 

if ( (the timestamp of the latest target MS location data sent to the Location Center) < = (the 
timestamp returned by this Location Center communication identifying the MS location data used by the 
Location Center for generating the target MS location estimate of the present event)) 
then /* use the MS location estimate from the LC since it is more recent than what is currently being used. 

{ . 

MS_new_e$t < — get_ Loattion_ Ce/Jter_ MS_ ^//{event); 

/* This information includes error or reliability estimates that may be used in subsequent attempts to 
determine an MBS location estimate when there is no communication with the LC and no exact (GPS) 
location can be obtained. That is, if the reliability of the target MS's loation is deemed highly reliable, 
then subsequent less reliable location estimates should be used only to the degree that more highly 
reliable estimates become less relevant due to the MBS moving to other locations. '^I 
HS_moying_window < — get_ mYing_ windoM,wvx)\ 

/* get moving window of location estimates for this target MS. */ 

if ( (the Location Center target MS estimate utilized the MS location signature data supplied by the MBS) then 
if (a corresponding target MS location estimate marked as ^'temporary" is still in the moving 
window) 

then /* It is assumed that this new target MS loation data is still timely (note the target MS 
may be moving); so replace the temporary estimate with the Location Center estimate. 
*/ 

replace the temporary target MS loationmrmt in the moving window with 
"HS_new_est"; 
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else /* there is no corresponding ''temporal'* target tK location in the moving window; so 
this MS estimate must be too old; so don't use it. */ 
else /* the Location Center did not use the MS loation data from the MBS even though the ttmestamp of 
the latest HS location data sent to the Location Center is older that the MS location data used 
the Location Center to generate the present target HS location estimate. Use the new MS location 
data anyway. Note there isn't a corresponding "temporary" target MS loation in the moving 
window.*/ 

a<fd_ MS_ estimate^ to_ MS_ loation^ ify}Mi?»(HS^new_est); 

} 

else /* the MS locatbn estimate from the LC is not more recent than the latest MS location dau sent to the LC from 
the MBS.*/ 

if (a corresponding target MS locatiori estimate marked as ''temporary*' is still in the moving window) 
then /* It is assumed that this new target MS location data is still timely (note the target MS may be 
moving); so replace the temporary estimate with the Location Center estimate. "^1 
replace the temporary target MS /wa/A^estimate in the moving window with '*MS_new_est'*; 
else . /• ttere is no corresponding "temporary" target MS location in the moving window; so this MS 
estimate must be too old; so don't use |t */ 
HS_curr_est <-'-- D£mMm_HSJOaTmjSTmTE{mjmmiy^^ 
update_ MBS_ operator^ display^ whh_ MS_ j((MS_curr_est); 
/y//7f/("LCJ0MMUNICATI0N",eveni.MSJD); 

} 

NO COMMUNICATION FROM LC:{ 

I* too long a time has elapsed since last communication from LC. V 
SCHEDULE an event (if none scheduled) to request location data (MBS and/or tai^et MS) from the Location Center. 

the event is at a high priority; 
/p/^{_/yy37f/("LC_COMMUNICATION".event.MSJD); 

} 

REQUEST TO NO LONGER CONTINUE LOCATING THE PRESENT TARCiETM&{ 

if (event not from operator) then 

request MBS operator veriHation; 

else{ 

REMOVE the current target MS from the list of MSs currently being located and/or tracked; 
SCHEDULE an event (if none scheduled) to send communication to the Location Center that the current target MS 
is no longer being tracked; 
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PURGE MBS of all data related to current target MS except any exaa location data (or the target MS that has not 
been sent to the Loation Center for archival purposes; 

} 

} 

REQUEST FROM LOCATION CENTER TO ADD ANOTHER TARGET MS TO THEUST OFMSs 
BEING TRACKED: { 

/* assuming the Loation Center sends UBS location data for a new target MS to loate and/or track (e.g.» at 
least a new MS ID and an initial MS location estimate), add this new target MS to the list of MSs to tracL Note 
the HBS will typically be or transitioning to in the seek state */ 
if (event not from operator) then 

request HBS operator verification; 

else{ 

INITIALIZE MBS with data received from the Location Center related to the estimated location of the new target 
MS; /• e.g^ initialize a new moving window for this new target MS; initialiie MBS operator interface by 
graphically indicating where the new target MS is estimated to be. ♦/ 

CONFIGURE MBS to respond to any signals received from the new target MS by requesting location data from the 
new target MS; 

INITIALIZE timer for communication from IQ /* A timer may be set per ta^et MS on list */ 

■} 

} 

REQUEST TO MANUAUY ENTER A LOCATION ESTIMATE FOR MBS (FROM AN MBS 
OPERATOR): { 

/* Note, MBS could be moving or stationary. If stationary, then the estimate for the location of the MBS is given 
high reliability and a small range {e.g.. 20 feet). If the MBS is moving, then the estimate for the location of the 
MBS is given high reliability but a wider range that may be dependent on the speed of the MBS. In both cases, if 
the MBS operator indicates a low confidence in the estimate, then the range is widened, or the operator an 
manually enter a range.*/ 

MS_new_e$t pt_new_HBSJomm_estJwm_operawi{^nn{\ /* The estimate may be obtained, for 

example, using a light pen on a displayed map */ 
if (operator supplies a confidence indiation for the input MBS toation estimate) then 

MBS_new_est.confidence < — get_HBS_ opemor_confidence_ of_ estimate{mni)\ 
else HBS_new_esLconfidence < — I ; /♦ This is. the highest value for a confidence. */ 
deadreckjst get_deadr^ckoningJocBtion_chBnge_estimt€^^^ 
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MBS_curr_ejt < - DETERMINE^MBS^LOCATIOM JSTIMATE(HBS^new_e3t, deadreclt_c5t ); 
if (MB$_curr_ejtconfKlence > a predetermined high confidence threshold) then 

fem_deadmkoning[_MBSJoamn_estimatoi(f£im)\ 
update_HBS_operBtor_display_wkh_MBS_est(mi^^^ 

/♦ Note, one reason an MBS operator might provide a manual HB$ input is that the MBS might be too inaccurate in 
its location. Moreover, such inaccuracies in the MBS location estimates can cause the target MS to be estimated 
inaccurately, since target MS signal characteristic values may be utilized by the MBS to estimate the location of the 
ta^et MS as an offset from where the MBS is. Thus, if there are target MS estimates in the moving window of 
target MS location estimates that are relatively close to the location represented by "MBS_curr_cst", then these 
select few MS location estimates may be updated to reflect a more accurate MBS location estimate. */ 

MS_moving_window < — get_MS_mmg_ mdoH{mn\); 

if (MBS has not moved much since the receipt of some previous target MS location that is still being used to location 
the target MS) 
then 

{ 

UPDATE those target MS loation estimates in the moving window according to the new MBS location estimate 
here; 

MSjurrjst D£TERHm_HSJOCArmjSTIMArB,\\lj^w^^^ 
update_MBS_0pemwr_displiy_with_MS_es!S)\^ 

} 

} 

} /• end case statement */ 

Lowet Level MBS Function Descriptions 

/• PROCEDURE: DETERMINE^MBS.LOCATIONJSTIMATE REMARKS: 

It is assumed that with increasing continuous dead reckoning without additional MBS location verification, the potential 
error in the MBS loQtion increases. 

It is assumed that each MBS location estimate includes: (a) a most likely area estimate surrounding a central location and (b) a 
confidence value of the MBS being in the location estimate. 
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The confidence value for each HBS location estimate is a measurement of the likelihood of the MBS location estimate 
being correa More precisely, a confidence value for a new MBS location estimate is a measurement that is adjusted according to the 
following criteria: 

(a) the confidence value increases with the perceived accuracy of the new HBS location estimate (independent of any current 
HBS loation estimate used by the MBS). 

(b) the confidence value decreases as the location discrepancy with the current HBS location increases, 

(c) the confidence value for the current MBS location increases when the new location estimate is contained in the current 
location estimate, 

(d) the confidence value for the current MBS location decrease when the new location estimate is not contained in the current 
location estimate, and 

Therefore, the confidence value is an MBS location likelihood measurement which takes into 
account the history of previous MBS location estimates. 

It is assumed that with each MBS location estimate supplied by the Location Center there is a default confidence value 
supplied which the HBS may change. 

*/ 

DETERMINE_MBS_LOCATION_ESTIMATE{MBS_ncw_est,deadreck_est) 
/• Add the pair^ "MBS_new_€st'' and "deadreck_est" to the location tracks and determine a 
new current NBS location estimate. 

Input: MBS_new_cst A new MBS baseline location estimate to use in determining the 
location of the MBS» but not a (deadreckoning) location change 
estimate 

deadreck_est The deadreckoning location change estimate paired with 
"MBS^new^est". */ 

{ 

if (MBS_new_est is not NULL) then /* the "deadreckjst" is paired with "MBS_new_est" */ 
{ 

if (all HBS location tracks are empty) then 
{ 

insert "HBS^new jst" as the head of the location track of type. "HBS_new_esttype'*; 
insert •*HBS_new_est" as the head of the current track; /* so now there is a '•HBS_curr_est" HBS location 
estimate to use */ 

HBS_curr_e$t < — get_ci/rr_esi(mij\zvtjiX,K_\\i)\ /* from current location track */ 

} 
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else /* there ij at least one non-empty location track in addition to the current location track being non- 
empty*/ 

{ . 

if (HBS_newj$i is of type MANUAL JHTRY) then 

{ /* MBS operator entered an MBS location estimate for the MBS; so must use 
if/ 

NB$_curr_e5t <"-ad(l_locatfon_entry(HBS_newjst,deadreck_est); 

} 

else /* "MBS_tiew_est" is not of type MANUAL_ENTRY ♦/ 

if (the MBS location track of type. "MBS_new_esttype^ is empty) then 
{ /* some other location track is non-empty •/ 

MBS_curr_est < — add Jocation_entry{MBS_new jst, deadreck_est); 

} 

else r "MBS_new_esttype" location track is non-empty and "MBS_new_est" 

is not of type NANUAL_ENTRY */ 
{ /* In the next statement determine if "MBS_new_est*' is of at least 

minimal useful quality in comparison to any previous estimates of the 
same type; see program dePn below V 
continue jo_procejs_new_e$t < - FILTER(HBS_new_esi); 
if (continuejo_proce$$_new_est) then /* *HBS_new__e$t" is of sufficient quality to 

continue processing, */ 

{ 

MB$_curr_est <— add_location_entry(HBS_new_esi, deadreck_est); 
}/* end "MBSjewjst" not filtered out */ 

else /♦ "MBS_new_e$r is filtered out; do nothing V; 
}/• end else*/ 

}/* end else at least one non-empty location track */ 

} 

else /* HBS^ncw jst is NULL; thus only a deadrKkoning output is to be added to location tracb */ 
{ 

extrapolationjntry <— m3te_aff_exrr3po/3rm_emry_//vff(itz6(K^^ 
menJm_ere/yJoatm_t/3cM,^xmfoki^^^^ /* including the "current location track" */ 
MBS jurrjst < - get_ cun_ fx^MBS^new jst.MS JD); /* from current location track * / 
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} 

RETURN(MBS_curr_ejt); 
} END /• DETERMINE_MB$_LOCATIONJSTIMATE •/ 

addJocation_entry(MBS_new_est,deadreck_est); 

I* Thh function adds the laseline entiy. »HBS_new_esf and its paired dead lecKoning loation change estimate, "deadieckjsf to 
the tocationtracks/mcludingthe -current location track^ Note. however.thatthh^ 
entries, if necessary . so that the entries are in latest timestamp order. 
Returns: HBS_curr_e$t •/ 



{ 



if (there is a time series of one or more dead reckoning extrapolation entries in the location track of type "HBS.newjsttype" 
wherein the extrapolationentrieshavea-latesttimestarop" more twemthan the timesta^^^ «HBS_new_est") then 

{ /•Hote,thisconditionmayoccurinanumberofways;e^4a)anMBSIoationestimatereceivedfromtte 

Centercouldbedelayedtongenough(e^. 1-4 sec) because of transmission and processing time; (b) the estimation 

records output from the MBS baseline location estimators are not guaranteed to be always presented to the location 

tracks in the temporal order they are created. */ 
rollbackall(any)entriesonallk)cadontracks,includingthe"current"t^^ 

untilabaselineenti7.B.isattheheadofak)ationtrackwhereinBisamostrkententry havinga"b^^^^ ■ 

timestamp" prior to "f1BS_newj$t"; let Stack- be the stack ofalocationtra^^ 

tracks, wherein an entry in the stack is either a baseline location entry and a paired deadreckoning location change 

estimate, or. an unpaired deadreckoning tocation change estimate associated with a NULL for the baseline location 

entry; 

insert "MBS_new_est" at the head of the location trackof type "MBS_new_esttype" as a new baseline entry; 
insert the extrapolation entry derived from "deadreckjst" in each of the other baseline location tracks except 
the current track; 

/• It isimportant to note that -deadreckjst" includes the values for the change in the MBS location subM^^^^^^ 
time period between the.timesttmp.T.of"MS_newjst" and the timestampof the closest deadrecto^^^^^ 
before T. Further note that if there are any extrapolation entries that were rolled back above, then there /ian 
extrapolation enti^. E. previously in the location tracks and wherein E has an earliest timesump equal to the latest 
timestamp of B above. Thus, all the previous extrapolation entries removed can be put back if E is modified as follows: 
the MBS location change vector of E (denoted herein as E.delta) becomes E.delta - [location change veaor of 

"deadreck_est"].*/ 
HBS_curr_est <- UPDATE_CURR_EST(HBS_new_est, deadreckjst); 
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if (the extrapolation entry E existj) then /* i.c^ "stack" is not empty */ 

.{ 

modify the extrapolation entry E as per the comment above; 
now fix things up by putting all the rolled off location entries back, including 
the "current location track** ♦/ 

do until "stack" is empty 
{ 

stack jop < — pop_siaci{itzzk)\ 

/* "stack Jop" is either a baseline location entry and a paired deadreckoning location change 
estimate, or, an unpaired deadreckoning location change estimate associated with a NULL for the 
baseline loation ent^ */ 
HBS_nxt_e$t <— ^^/_Zaxp//}7^_w/s^stackjop): 
deadreck_e$t < — £et_de3dreck0a/ff^efftfy{s{^ikjQp)] 
MBS_curr_ext < - DETERMIME^MBS^LOCATION JSTIMATE(HBS_nxt__est, 

deadreck_est); 

} 

} 

} 

else /* there is no deadreckoning extrapolation entries in the k)cation track of type "NBS_new_esttype" wherein the 
20 extrapolation entries have a "latest timestamp" more recent than the timestarap of "HBS_new jst". So just insert 

"MBS_new jst" and "deadreck jst" */ 

{ 

insert "HBS_new_e$t" at the head of the location track of type "HBS^new jsLtypc" as a new baseline entry; 
insert the extrapolation ent^ derived from "deadrKkjst" in each of the other location tracks except the current track; 
25 MBS_curr_est < - UPDATE_CURR_EST(MB$_n€W_est, deadreck_e$t); /* see prog def'n below ♦/ 

} 

RETURN(MBS_currj$t); 
} /* end add Jocation_entry •/ 

30 FILTER(NBS_new_est) 

/• This function determines whether "MBS^new^est" Is of sufficient quality to insert into it's 
corresponding MBS location track. It is assumed that the location track of 
"MBS_new_e$t.type'* is non-empty. 
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Input: MBS_new_est A new MBS location estimate to use in determining the 

location of the MBS. 
Returns: FALSE if "MBS_new_est" was processed here (i.e., filtered out), 

TRUE if processing with "MBS_new_est" may be continued . */ 

{ 

continuejo _proce»_new_eJt < -TRUE; /* assume "MBS^new^est" will be good enough to use as an HBS location estimate */ 
/• see if "MBS^new^est" can be filtered out. ♦/ 

if (the confidence in HBS_new_e$t < a predetermined function of the confidence{s) of previous MBS location estimates of 
type "HBS^newjsttypc'*) 

/* e.g,, the predetermined function here could be any of a number of functions that provide a minimum threshold on 
what constitutes an acceptable confidence value for continued processing of -HBS_new_est", The following is an 
example of one such predetermined function: K*(confidence of "MB$_new est.type" location track head) for 
some K» 0<K< = 1,0, wherein K varies with a relative frequency of estimates of type 
"HBS_new_est.type" not fdtered; e.g.., for a given window of previous MBS location estimates of this type, K= 
(number of HBS location estimates of "HBS_new_est.type" not f(ltered)/(the total number of estimates of this 
type in the window). Note, such filtering here may be important for known areas where, for example. GPS signals 
may be potentially refleaed from an object (i.e.» multipath), or, the Loation Center provides an MBS location 
estimate of very tow confidence. For simplicity, the embodiment here discards any filtered location estimates. 
However, in an altermitive embodiment, any such discarded loation estimates may be stored separately so that, 
for example, if no additional better MBS location estimates are received, then the filtered or discarded tocation 
estimates may be reexamined for possible use in providing a better subsequent MBS location estimate */ 
then continue jo_process_new_est <" FALSE; 
else if (an area for **HBS_new_e$t" > a predetermined function of the corresponding area(s) of entries in the tocation 
track of type "MBS_new_est.type") 

/* e.g., the predetermined funaton here could be any of a number of functtons that provide a maximum threshold 
on what constitutes an acceptable area sUe for continued processing of **MBS_new_€st". The foltowing are 
examples of such predetermined fundons: (a) the identity function on the area of the head of the tocation track 
of type "HBS_new jsttype"; or, (b) K*(the area of the head of the locatton track of type 
"MBS new esttype"), for some K. R> = 1.0, wherein for a given window of previous MBS location estimates of 
this type, K= (the total number of estimates in the window)/ (number of these location estimates not filtered); 
note, each extrapolation entry increases the area of the head; so areas of entries at the head of each location 
track type grow in area as extrapolation entries are applied. 
then continuejo j)rocess_new_est <-- FALSE; 
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RETURN(continue_to j»rocess_new_est) 
} 
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UPDATE_CURR_EST(MBS_new_est, deadrcck_est) 

/* This function updates the head of the "current" MBS location track whenever 

"MBS_new_est" is perceived as being a more accurate estimate of the location of the 
MBS. 

Input* MBS_new_est A new MBS location estimate to use in determining the locadon 
of the MBS 

deadreck_est The deadreckoning MBS location change estimate paired with 
"MBS_new_esf\ 

Returns a potentially updated "MBS^curr^est'* ♦/ 

{ 

if (HBS_new_esi is of type MANUAL_ENTRY) then 

{ /* MBS operator entered an MBS location estimate for the MBS; so must use it */ 

insert "MBS_new_est- as the head of the "current HBS location track** which is the location track indicating the best 
current approximatfon of the location of the MBS; 

} 

else /* "MBS^new^cst** is not a manual entry ♦/ 
{ 

MBS^curr jst < — get_ curr_ fj/(MBS_new_e$t.H$_ID); /* get the head of the "current location track" */ 
adjusted_curr jst < — appfy^ de2dfHh}tting_ /39(HBS jurrjst, deadreck jsl); 

J* The above function returns an object of the same type as **NBS_curr_est", but with the most likely MBS 
point and area locations adjusted by "deadreckjst'\ Accordingly, this f unrtion performs the following 
computations: 

(a) selects, Amk. the HBS location area estimate of *MBS_curr_est" (e^., one of the "most likely" 
nested area(s) provMed by "f1BS_curr_est" in one embodiment of the present invention); 

(b) applies the deadreckoning translation corresponding to "deadreckjst" to Ahbs to thereby 
translate it (and expand it to at least account for deadreckoning inaccuracies). */ 

if (/ea5o/i^A^c/05£(MBS_new_est, adjusted_curr_e$t, MBS_curr_est)) 

/* In one embodiment, the fundon "reasonablyjiose" here determines whether a most likely MBS poim 
location (i^e.. centroid) of "HBS_new jst" is contained in the MBS estimated area of 
•*adju$ted_curT jst" 
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Note that the reasoning for this constraint is that if "M6S_curr_est" (va5accurate, then any *'most 
likely HBS point location" of a new MBS baseline estimate that is also accurate ought to be in the MBS 
estimated area of **adiu$ted_curr_est'*. 

In a second embodiment, the function '*reasonably_close'' determines whether the centroid (or most 
likely HBS point locatron) of "MBS_new_€st" is close enough to "MBS_curr_est" so that no MBS 
movement constraints are (grossly) violated between the most likely point 
locations of "MBS_new_cst" and "MBS_curr_cst"; i.e., constrainu on (de)acceleration, 
abruptness of direction change, velocity change, max velocity for the terrain. Note, such constraints are 
discussed in more detail in the section herein describing the ''Analytical Reasoner". Accordingly, it is an 
aspect of the present invention to provide similar capabilities to that of the Analytical Reasoner as part of the 
MBS, and in particular, as the funaionality of the "HBS LOCATION CONSTRAINT CHECKER" illustrated in Fig. 
II. It is assumed hereinafter that the embodiment of the function, "reasonably_close", performed here is a 
combination of both the first and second embodimenu. wherein the constraints of both the first and second 
embodimenu must be satisfied for the function to return TRUE. "^Z 

then 

if (the confidence in NBS_new_est >= the confidence in NBS_curr_est)then 

{ 

if (the most likely NBS area of HBS^newjst contains the most likely MBS area of "adjusted_cunr_est'* as 
computed above) then 

shrink MBS_new_e$t uniformly about its centroid (i.c., "most likely HBS point location") until it is 
as small as possible and still contsun the HBS estimated area of "adjusud_curr_est". 
iiisert_ into^ location^ t/acA(**current", MBS_new_e$t); 

I* The program invoked here inseru a location track entry corresponding to the second parameter into the 
location track identified by the first parameter (e.g., **current**). It is important to note that the second 
parameter for this program may be €ithen\ the following data struaures: a "locatun track entry", or an 
**MBS tocation estimate" and the appropriate location track entry or entries will be put on the location 
track corresponding to the Tint parameter. The insertion is performed so that a 'latest timestamp" order 
is maintained; i.e^ 

(a) any extrapolation entries in the location track, wherein these entries have a more recent 
**latest timestamp" than the (''earliest" or only) timestamp (depending on the data 
structure) of the second parameter are removed, and 
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(b) conceptually at least, the location change estimates output from the deadreckoning UBS 
location estimator that correspond with the removed extrapolation entries are then 
reapplied in timcsiamp order to the head of the target location track. * / 

} 

else /* the centroid of "l1B$_^nev/_e$t-, is contained in an area of "MBS jurr^est", but the confidence in 
"MBS^new^esf ' < confidence in "MB$_curr_est" •/ 

{ 

most Jikel]r_est < - determine a "mou likely MBS loation estimate" using the set S = {the MBS 

location estimate centroid(s) of any MBS location track heads contained in the MBS 
estimated area of "adjustcd^curr jst". plus, the centroid of "MBS_new_est"}; 
/* Note, in the above statement, the "most likely HBS location estimate" may be determined 
using a number of different techniques depending on what funaion(5) is used to embody the 
meaning of '^most likely". In one embodiment, such a "most likelyMunction is a funrtionof 
the confidence values of a predetermined population of measurements (e,g,, the seleaed 
location track heads in this case) from which a "most likely" measurement is determined (e,g,. 
computed or selected). For example, in one embodiment, a "most likely" function may include 
seleaing a measurement having the maximum confidence value from among the population of 
measurements. In a second embodiment, a "most likely" funaion may include a weighting of 
measurements (e.g,, location track beads) according to corresponding confidence values of the 
measurements. For example, in the present context (of MBS location track heads) the 
following steps provide an embodiment of a "most likely" function: 

(a) determine a centroid of area for each of the selerted track heads (i.e.. the location 
track heads having a point location estimate contained in the MBS estimated area of 
**adiusted_curr_est"); 

(b) determine the "most likely location HBS poskioif P as a weighted centroid of the 
centroids from step (a), wherein the weighting of each of the centroids from (a) is 
provided by their corresponding confidence values; 

(c) output an area, A„ as the "most likely HBS loation arssT, wherein the centroid of 
A) is P and A( is the largest area within the MBS estimated area of 
"adju$ted_curr_€$t" satisfying this condition; and 

(d) set a confidence value for A, as the average confidence value of "HBS_new_est". 
"MBS_curr_esi" and the selected location track head used. */ 

} 
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else/* **MBS_new_est" is not reasonabi/ close to "adjusted_curr_est" <i.e., 

"MBS_curr_est" with "deadreck^est" applied to it)» so a conflict exists here; e.g.. 
(i) '•HBS_new_esr is not a manual entry, and (ii) "MBS^new^est" does not have iu centroid contained in the 
MBS estimated area of **adjusted_curr_est'*, or, there has been a movement constraint violation. Note that it is 
5 not advisable to just replace "MBS_curr_e$t" with "new_est_head" because: 

(a) *'HBS_new_est" may be the HBS location estimate that is least accurate, while the previous entries 
of the current location trad have been accurate; 

(b) the **nBS_curr_est*' may be based on a recent HBS operator manual entry which should not be 
overridden.*/ 

10 { 

MBS_curr_est < •- resolve_confllcts(MB$_new_eJt, adjwtedcirrest, MBScurrert); 

} 

} /* end else "MBS^new^est** not a manual entry */ 
if (HBS is a vehicle) and (not off road) then 
15 7* it is assumed that a vehicular HBS is on-road unless explicitly indicated otherwise by HBS operator. */ 

HBS_curr_est < — snap_to_best_/it_streei{\\iljiUfr_z%t)\ /* snap to best street location according to location 
estinrate. velocity, and/or direction of travel. Hole, this is a translation of *'nBS_curr_est". ♦/ 
RETURN(NBS_curr_est) 
} r END UPDATE(MBS^CURR^EST) */ 

20 

resolve_confIlcts(MBS_new_est, adju5ted_curr_est, MBS_curr_est) 
/* There is a basic conflict here, 

(t) "MBS^new^est** is not a manual entry* and 

(ii) one of the following is true: "NBS_new_est" does not have its centroid contained 
25 In the area "adju$ted_curr_est", or, using "f1BS_new_c$t" implies an MBS 

movement constraint violation, 
input: MBS_new_est The newest HBS location estimate record. 

ad justed_curr_est The version of "HBS_curr_est" adjusted by the deadreckoning 
location change estimate paired with **MBS_new_est". 
30 MBS__curr_cst The location track entry that is the head of the **current" location track. Note 

that"MBSjewjst.confidence" > "HBS_curr_est.cofidence". 
Output: An updated **MBS_curr_C5t". */ 

{ 
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mark thai a conflict has arisen bctv/een "HBS_curr_est" and **HB$_n8w_e$t"; 
if (the MBS operator desires notification of MBS location estimate conflicts) then 

notify the HBS operator of an HBS location estimate conf lia; 
if (the tIBS operator has configured the MBS loation system to ignore new estimates that are not "reasonably 
close" to adjusted_curr_est) or 
(NBS_curr_est is based on a manual MBS operator location estimate, and the HBS has moved less 
than a predetermined distance (wheel turns) from where the manual estimate was provided) then 
RETURN(adjusted_curr_est); 
else /"^ not required to ignore "MBS_new_est"t and there has been no recent manual 

estimate input*/ 
{ r try to use "MBS^new^est" ♦/ 

if ((NBS_new_est.confidence - adjusted_curr_estconfidence) > a large predetermined 
threshold) then 

/* Note, the confidence discrepancy b great enough so that *'MBS_new_est** should be the most recent baseline 
estimate on current MBS location track. Note that the threshold here may be approximately 0 J» wherein 
confidences are in the range [0, 1] */ 
iiisertjntojocation^ r/a<*("current'*, MBS_new est); 

/* insert *'!1BS_new_e$t" into "current" location track (as a baseline entry) in "latest timestamp" order; 
i.e^ remove any extrapolatk)n entries with a more recent **latest timestamp** in this track, and reapply, 
in timestamp order» the tecation change estimates output from the deadrecbning HOS location 
estimator that correspond with the removed extrapolation entries removed; */ 
else r "MBS_new_estconfidence" is not substantially bigger than 

"adjusted_curr_est.confidence"; so check to see if there are potentially MBS 
location system instabilities ^/ 
{ /* check for instabilities */ 

if [ (there has been more than a determined fraction of conflicts between the '*HBS_curr_est*' and *'MBS_new_est" 
within a predetermined number of most recent "HBS^new^est** instantiations) or 
(the path corresponding to the entries of the "current tocation track" of the MBS has recently violated MBS 
movement constraints more than a predetermined fraction of the number of times there has been new 
instantiation of "HBS_curr_est*', wherein such movement constraints may be (de)acceleration constraints, 
abrupt change in direction constrainu, constraints relating to too high a velocity for a terrain) or 
(there has been an HBS operator indication of lack of confidence in tlie recently displayed MBS location 
estimates)] 
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then/* the MBS location system is likely unstable and/or inaccurate; checl( to see if 
this condition has been addressed in the recent past. V 
{/•fa instability*/ 

if (nx_instability_counter equal to 0) then /* no instabilities have been addressed here 
within the recent past; i^^ "fix Jn$tability_counter" has the following semantia: if it is 0, 
then no instabilities have been addressed here within the recent past; else if not 0, then a recent 
instabifity has been attempted to be fixed here. Note, '*fixJnstability__counter*' is decremented, if 
not zero, each time a new baseline location ent7 is inserted into its corresponding baseline 
location track. Thus, this counter provides a "wait and see" strategy to determine if a pfevious 
performance of the statements below mitigated the (any) MBS location system instability. */ 

{ 

mostJikely_est <- determine a new "most likely MBS location estimate"; [30 J] 
/* Note, a number of MBS location estimates may be generated and compared here for 
determining the "mostJikely_e$t". For example, various weighted centroid MBS location 
estimates may be determined by a clustering of location track head entries in various ways. 

in a first embodiment (or determining a value (object) for *'mo$t_likely_est", a "most 
likely" funaion may be performed, wherein a weighting of location track heads according to 
their corresponding confidence values is performed. For example, the following steps provide an 
embodiment of a ''most likely" function: 

(a) obtain a set S teving: (i) a centroid of area for each of the track beads having a 
corresponding area contained in a determined area surrounding the point 
loQtron of "adjusted_curr_est" (e.g., the MBS estimated area of 
"adjusted_curr_est"), plus (ii) the centroid of **HBS_new_est"; 

(b) determine the "most likely location HBS positiotf P as a weighted centroid of 
the antroids of the set S from step (a), wherein the weighting of each of the 
centroids from (a) is provided by their corresponding confidence values; 

(c) output an area, A, as the "most likely HBS location arei" wherein A has P as a 
centroid and A is a "smair area (e.g., a convex hull) containing the 
corresponding the centroids of the set S; and 

(d) set a confidence value for A as the average confidence value of the 
centroids of the sets. 

In a second embodiment, "mo$t_likely_e$t" may be determined by expanding (e.g.. 
substantially uniformly in all directions) the MBS location estimate area of "MBS new_est" 
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until the rcjulting expanded area contains at least the most likely point locatwn of 
••adjusted jurr jjt" as its most likely HB$ iocatron area. •/ 
insert JntoJocathn_trBck{\\i\mf, mostjikely^est); 
fixjnxtability^counter <— a predetermined number. C. corresponding to a number of baseline 
entries to be put on the baseline location tracb until MBS location system instabilities are to be 
addressed again here; /» when this counter goes to zero and the MBS location system b unstable, 
then the above statements above will be performed again. Note, this counter must be reset to C (or 
higher) if a manual KBS estimate is entered. */ 

} 

}/♦ fix instability*/ 

else/* The MBS location system has been reasonably stable, and 
"MBS_curr_estconfidence" is not substantially bigger than 
"adjusted_new_estconfidence'' . */ 



{ 



most Jikelyjst < - determine a most likely MBS hiation estimate; 
/* The determination in the statement above may be similar or substantially the same as the compuution 
discussed in relation to statement [30.1] above. However, since there is both more stability in this case than 
in [30.1] and less confidence in •*MBS_new_esf \ certain HBS movement constraints may be more 
appOcable here than in [30.1]. 

Accordingly, note that in any embodiment for determining "mostjikely^est" here, reasonable 
movement constrainu may also be used such as: (a) unless indicated otherwise, an MBS vehicle will be 
assumed to be on a road, (b) a new MBS location estimate should not imply that the HBS had to travel 
faster than, for example, 120 mph or change direction too abruptly or change velocity too abruptly or 
travene a roadless region (€.g., corn field or river) at an inappropriate rate of speed. 

Thus, once a tentative MBS location estimate (e.g., such as in the steps of the first embodiment of 
[30.1]) for "most Jikely_e$t" has been determined, such constraints may be applied to the tentative 
estimate for determining whether it should be pulled back toward the centrijid of the •*MBS curr_est" in 
order to satisfy the movement constraints*/ 
insert JntoJocatiott_ttack(\\imvx'*, most_likely_esi); /* note, the second parameter for this 
function may be either of the following data structures: a "location track emry". or a "MBS location 
estimate" and the appropriate location track entry or entries will be put on the location track corresponding 
to the first parameter.*/ 



} 



135 



wo 98/10307 PCT/US97/15892 

}/• check for instabilities*/ 

l1BS_curT_est <— ^{_a//7^fx((MB$_new j«.MS_ID); /• from current loation track */ 
} /• try to use "MBS^new^est" •/ 
RnURN(MBS^curr.est) 
5 } /• END resolve^conflicts */ 
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APPENDIX B: Pseudo code for a genetic algorithm 

Pseudo code for a genetic algorithm 

CenetiV Algorithm (*dccode, ♦Ihress^function, parms) 

/• This program impbments a genetic afeorilhm for determining efficient 

values of parameters fora searth problem. The current best values of the parametcn are received by the genetic algorithm in a data 
structure such as an array. If no such information is avaibbb. then the genetic algorithm receives random guessesof the parameter values. 
Thb program also receives as input a pointer to a decode functbn t 

paiameten are represented by bit strings (see genetic algorithm references). The program also receives a pointer to a fitness function. 
Trtness Junctions^ that provides the genetic algorithm with infonnatbn about how the quality of potential solutions should be detemined. 
The program computes new, improved valuesof parameters and replaces the old values in the array "parms." 
V 

// assume that each particuhr application wiB have a specific fitness function and decoding 

// scheme; otherwise, the procedure is the same every time 

// generate the initial popubtion 

II generate a rairiom population of bmary strings containing popsize strings 

fori= I to popsize 

forj- lto$tring_length 

string(i,i) = random(Opl) 
endboponj 
end bop on i 

//keep generating new populations until iinisiieti 
do until finished 
fori= I to popsize 

//tmnsfbrm the binary strings into parametersirom the problem at hand; requins problem 
//^leciScfuncthn 
decode (string©) 
//evaluate each strii^ 

evahiate(string(i)) 
end bop on! 

// perform reproduction 
reproduce (population_ol__$trings) 
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//perldmt crossover 

croaover (population_of_$triiigs) 

//perform mutation 

mutate (population_of_strinp) 

// evaluate the newpopulatfon 

{ori= Itopopsize 

//transform the binary strii^s into panumters 

//from dw problem at hand; requires probkm 

//^fecificfoncthn 
dea)de($trinK(i)) 

//evaluate the fitness of each string 

evaluate (string(itj)) 
end bop on i 

if finished then report new resute to the ailing routine 
else go back to tip of do-until loop 
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APPENDIX C: Location Database Maintenance Programs 

DATA BASE PROGRAMS FOR MAINTAINING THE LOCATION SIGNATURE DATA BASE 

5 la the algorithms below, external parameter values needed are underiined . Note that in one embodiment of the present 
invention, such parameters may be adaptively tuned using, for example, a genetic algorithm. 

EXTERNALLY INVOCABLE PROGRAMS: 

10 Update_Loc_Sig_DB(newJoc_obj, selection^criteria. loc^sigjop) 

I* This program updates loc sigs in the location Signature data base. That is, this program updates, for example, at least 
the locatioh information for verified random loc sigs iBsiding in this data base. Note that the steps herein are also 
provided in flovrchan form in Fig. t7a through FIG. I7C 

15 Introductory Information Related to the Function. "Update_^Loc_Sig_DB" 

The general strategy here is to use information (i.e., '*nev/_loc_obi") received from a newly verified location 
(that may not yet be entered into the Location Signature data base) to assist in determining if the previously stored 
random verified loc sigs are still reasonably valid to use for 
20 (29.1) estimaing a location for a given collection (i.e., "bag") of wireless (e,g., CDMA) location related signal 

charaaeristia received from an MS, 
(29 J) training (for example) adaptive location estimaton (and location hypothesizing models), and 
(293) comparing with wireless signal charaaeristia used in generating an MS location hypothesis by one of the MS 
location hypothesizing models (denoted First Order Models, or, FONs). 
25 More precisely, since it is assumed that it is more likely that the newest location information obtained is more indicatnre of 

the vrireless (COMA) signal chararteristics within some area surrounding a newly verified location than the verified loc sigs 
(loation signatures) previously entered into the location Signature OB, such verified loc sigs are compared for signal 
charaaeristic consistency with the newly verified location information (objett) input here for determining whether some of 
these •'older" data base verified loc sigs still appropriately characterize their associated location. 
30 In particular, comparisons are iteratively made here between each (Urget) loc sig "near** "new_loc_obj'' and a 

population of loc sigs in the location signature data base (such population typically including the loc sig for 
"new_loc_obj) for: 

139 



wo 98/10307 PCT/US97/15892 

(29 A) adjusting a confidence faaor of the target loc $ig. Note that each such confidence factor is in the range [0, 1] 
with 0 being the lowest and I being the highest. Further note that a confidence fartor here can be raised as 
well as lowered depending on how well the target loc sig matches or is consistent with the population of loc 
sigs to which it is compared. Thus, the confidence in any particular verified loc sig. LS, can fluctuate with 
successive invocations of this program if the input to the successive invocations are with location information 
geographically "near" L$. 

(295) remove older verified loc sigs from use whose confidence value is below a predetermined threshold. Note, it b 
intended that such predetermined thresholds be substantially automatically adjustable by periodically testing 
various confidence factor thresholds in a specified geographic area to determine how well the eligible data 
base loc sigs (for different thresholds) perform in agreeing with a number of verified loc sigs in a ''loc sig 
test-bed", wherein the test bed may be composed of. for example, repeatable loc sigs and recent random 
veriTred loc sigs. 

Note that this program may be imroked with a (verified/known) random and/or repeatable loc sig as input, 
furthermore, the target loc sigj to be updated may be seleaed from a particular group of loc sigs such as the random loc 
sigs or the repeatable loc sigs. such selection being determined according to the input parameter, "selection_criteria** 
while the comparison population may be designated with the input parameter, "loc sig jop". For example, to update 
confrdence factors of certain random loc sigs near *'nBw_loc_obj", "selection criteria" may be given a value indicating. 
"USE JANDOM JOCJIGS; and "loc jig jop" may be given a value indicating, "USE^REPEATABIE^ LOC JIGS". 
Thus, if in a given geographic area, the repeatable loc sigs (from, e.g., stationary transceiven) in the area have recently 
been updated, then by successively providing **new Joc_obj" with a loc sig for each of these repeatable loc sigs, the 
stored random loc sigs can lave their confidences adjusted. 

Alternatively, in one embodiment of the present invention, the present funaion may be used for determining 
when it is desirable to update repeauble loc sigs in a particular area (instead of automatically and periodically updating 
such repeatable loc sigs). For example, by adjusting the confidence factors on repeatable Ice sigs here provides a method 
for determining when repeatable loc sigs for a given area should be updated. That is. for example, when the area's average 
confidence factor for the repeatable loc sigs drops below a given (potentially high) threshold, then the MSs that provide the 
repeatable loc sigs can be requested to respond with new loc sigs for updating the DB. Note, however, that the approach 
presented in this function assumes that the repeatable location information in the DB is maintained with high confidence 
by, for example, frequent OB updating. Thus, the random verified OB location information may be effertively compared 
against the repeatable loc sigs in an area. 
INPUT: 

new Joc^obf: a data representation at least including a loc sig for an associated location about which Location 
Signature loc sigs are to have their confidences updated. 
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selection^criteria: a data representation designating the loc sigs to be seleaed to have their confidences 
updated (may be defaulted). The following groups of loc sigs may be selected: "USE^RANDON^LOC^SIGS'* (this 
is the default), USE JEPEATABLEJOC JIGS". "USEJU JOC JIGS". Note that each of these selections has 
values for the following values associated with it (although the values may be defaulted): 
5 (a) a confidence reduction factor (or reducing loc sig confidences, 

(b) a big error threshold for determining the errors above which are considered too big to ignore, 

(c) a confidence increase factor for increasing loc sig confidences, 

(d) a small error threshold for determining the erron below which are considered too small (i.e., good) to 
ignore. 

10 (e) a recent time (or specifying a time period for indiating the loc sigs here considered to be "recent". 

loc^sigjjop: a data representation of the type of loc sig population to which the loc sigs to be updated are 
compared. The following values may be provided: 

(a) -USE ALL LOC SIGS IH DB", 

(b) *'USE ONLY REPEAIABLE LOC SIGS" (this is the default), 
15 (c) -USE ONLY LOC SIGS WITH SIMILAR TtllE OF DAY" 

However, environmental characteristia such as: weather, traffic, season are also contemplated. V 
Make sure '*newJoc_obj" is in Location DB. V 
if (NOT new_loc_obj.in_DB ) then this location object is not in the Location Signature DB; note this can be determined by 

comparing the location and times/datestamp with DB entries */ 
20 DB_insen_n€w_hc_sig_eatrie^mtJ(^ij\i^\ II stores loc sigs in Location Signature DB 

Determine a geographicai area surrounding the location associated with 
**newJocjob}*' for adjusting the confidence factors of loc sigs having associated 

locations in this area. V 

DB_$earch_areal <— ^(_i»y7yK*/7fff_ai^wr_jie^/r^5/F^^ 
25 get the loc sigs to have their confidence factors adjusted. V 
DB^Ioc jigs < — /^/_a//_2?^/5f_j/jpf_ A;(DB jearch^areal, setection_criteria); 

nearby Joc_sig_bag <— get toe sigs from **DBJoc_$ig$" wherein for each loc sig the distance between the location associated 
with "new^loc^obj Jocation" and the verified location for the loc sig is closer than, for example, some 
standard deviation (such as the second standard deviation) of these distances for all loc sigs in 
30 "DBJoc_sig$"; 

/• For each "loc sig*' having its confidence factor adjusted do */ 
for each loc jig[i] in nearby Joc_sig Jag do //determine a confidence for these random loc sigs 
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{ 

/* Determine a searcli area surrounding die location associated with "loc 
sig"V 

loc <-•• i$t_ymrtBdJomiofl^^tJ\^\ 

/* Determine Uie error corresponding to Itow weil "ioc sig" fits witii tiie 
portion of the inputted type of loc sig popuiation tiiat is also in the seardi 
area. V 

BS<"-/p/_«(locJg[i]); 

mrkjs_unmsss^l^^tjv^\ /* mark'*locjig[il" in the Location Signature DB so that it isn't retrieved. */ 
0B_$earch_area2 <— ptj^ar!dme_adju5t_mnh_anaJor_DBJoc_sig^\iO^^ 

/* Get search area about •*rand Joe". Typically, the •*new_loc_Qbj" would be in this search area */ 
loc jig^bag < — fra/^_&f^xj[_ Aaif(locjig[i]); /* create a loc sig bag having a single loc $ig» "loc_$rg[il'**/ 
output_criteria < — get criteria to input to **Determine_LoationJignature_Fit_Errors" indicating that the function 
should generate error records in the returned "error_rec_bag" only for the single loc sig in 
-locjg^bag". That is. the output criteria is: "OUTPUT ERROR JECS FOR IHPUT IOC SIGS 
ONLr. 

errDr_rec_bag[i] <— Determine_Locatlon_Signature_Flt_EiTors(locJocation, locjig_bag, 

DB_search_area2, locjigjwp, output_critcria); 
tf/7flM/3f_ywaAi7£_5fffjjaA/^ /* unraark "loc jigfi]" in the Loation Signature OB so that it can now be 

retrieved. */ 

} 

/* Reduce confidence factors ofioc sigs: (a) that are nearby to the location 
associated with ''newJoc^objZ (b) that have big errors, and (c) that have not 
been recentiy updated/acquired. V 

error_rcc__$et <— /Dsafe_j^/_«7«;y7_tf^error_rec_bag[i] for alii); 

/• Now modKy confidences of loc sigs in DB and delete loc sigs with very bw confidences */ 
reducc_bad_DB Joc_sigs(nearby Joc^sig^bag, error_recjet. jeleaion_criteriaJjig_errorjhre$hold, 

selectionjriteria.confidence_reducdonJactor,selcction_critcria.recentjime)^ 

/* Increase confidence factors of loc sigs: (a) that are nearby to the location 

associated with **newJoc_obf\ (b) that have small errors, and (c) that have not 

been recentiy updated/acquired. V 
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increase_confidence_ofjood_DB_loc_sigs(nearbyJoc_sig_bag,error_re 

jelection_criteriaJniall_error_thre$hol(i, 

$€lBaion_criteria^onfidencejncreaseJactor, 

$election_crrteria.recent_tmie); 

END OF Update^LocJig^DB 



DB_Loc_SIg_EiTor_Flt(MSJoc_est, DB_$earch_area» measured Joc^sig^bag, search_criteria) 

/* This f unaion determines how well the collection of toe sigs in "measured Joc^sig^bag** ftt with the loc sigs in the 
location signature data base wherein the data base loc sigs must satisfy the criteria of the input parameter *'search_criterfa*' 
and are relatively close to the MS location estimate of the location hypothesis, ''hypothesis**. Thus, in one embodiment of the 
present invention* the present fundon may be invoked by, for example, the confidence adjuster module to adjust the 
conHdence of a location hypothesis. 
Input: hypothesis: HS location hypothesis; 

measured Joc_sig_bag: A collection of measured location signatures ("loc sigs** lor short) obtained from 
the MS (the data structure here is an aggregation such as an array or list). Note, it is assumed that there is at 
most one loc sig here per Base Station in this collection. Additionally, note that the input data struaure here 
may be a location signature cluster such as the **toc jigjiuster" field of a location hypothesis (d. Fig. 9). 
Note that variations in input data structures may be accepted here by utilization of flag or tag bits as one 
skilled in the art will appreciate; 
search^criteria: The criteria for searching the verified location signature data base for various categories of 
loc sigs. The only limitation on the types of categories that may be provided here is that, to be useful, each 
category should have meaningful number of loc sigs in the location signature data base. The following 
categories included here are illustrative, but others are contemplated: 

(a) "USE ALL LOC SIGS IN DB" (the default), 

(b) "USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY**. 

Further ategories of loc sigs close to the HS estimate of "^hypothesis** contemplated are: all loc sigs for the 
same season and same time of day» all loc sigs during a specific weather condition (e.g., snowing) and at the 
same time of day, as well as other limitations for other environmental conditions such as traffic patterns. 
Note, if this parameter is NIL, then (a) is assumed. 
Returns: An error object (data type: "error_object") having: (a) an "error** field with a measurement of the error in the fit 
of the location signatures from the HS with verified loation signatures in the Location Signature data base; and 
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(b) a "confidence" field with a value indicating the perceived confidence that is to be given to the "error" value. 



if (-search^criteria" is NIL) then 

search^^criteria < - "USE ALL LOC SIGS IN DB"; 

determine a collection of error records wherein there is an error record for 
eachBS that is associated with a loc sig in ''measurejoc^sig^bag'' and for each BS 
associated with a loc sig in a geographical area surrounding the hypodiesis's 
location. V 

oulput_criteria "OUTPUT ALL POSSIBLE ERROR JEO"; 

/* The program invoked in the following statement is described in the location signature data base sertion. */ 

error_rec_bag <— Detennine_Locatlon_Signature_Fit_Errors(MS_loc_est.measured_loc sig_bag, 

DB_search_area, searchjriteria, output^criteria); 
/* Note, "error_rec_bag** has "error_rcc'$" for each BS having a loc sig in *'DB_search_area" as well as each BS having 
a loc sig in •*measured_Ioc_sig_bag". */ 

/* determine which error records to ignore V 

BS_err0r$joJgnore_bag <—ptJBS_Bmr_najQjgnore\^ljtz\^jm,^m\^^ 

/• Our general strategy is that with enough BSs having: (a) loc sigs with the target HS, and (b) also having verified 
locations within an area about the HS loation "MS_loc_e$f*, some relatively large errors can be tolerated or ignored. For 
example, if the MS location estimate, **liS_loc_est", here is indeed an accurate estimate of the MS's location and if an 
area surrounding "HS Joc_e$t" has relatively homogeneous environmental charatteristics and the area has an adequate 
number of verified location signature clusters in the location signature data base, then there will be presumably enough 
comparisons between the measured MS loc sigs of "measured Joc_$ig_bag" and the estimated loc sigs, based on verified 
HS locations in the DB (as determined in "Determine^LocationJignature Jit Jrrors"), for providing "ern)r_rK_bag'' 
with enough small errors that these small errors provide adequate evidence for "HS Joe jst** being accurate. 
Accordingly, it is believed that, in most implementations olthe present invention, only a 
relatively small number of loc^sig comparisons need have small errors for there to be 
consistency between the loc sigs of "measuredjoc^sig^bag" and the verilied loc sigs in 
the location signature data base. That is, a few large errors are assumed, in general, to 
be less indicative of the MS location hypothesis being incorrect than small errors are 
indicative of accurate MS locations. Thus, if there were ten measured and estimated loc sig pairs, each 
associated with a different BS, then if four pairs have small errors^ then that might be enough to have high confidence in 
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the HS location hypothejij. However, note that this determination could depend on the types of base stations; e.g.., if five 
full-service base stations had measured and verified loc sigs that match reasonably well but five location BSs in the search 
area are not detected by the H$ (ii., the measured Joc_sig_bag has no loc sigs for these location B$s)» then the 
confidence is lowered by the mismatches. 
5 Thus, for example, the largest x94 of the errors in "error_rec_bag" may be ignored. Note, that "x" may be: (a) 

a system parameter that is tunable using, for example, a genetic algorithm; and (b) "x" may be tuned separately for each 
different set of environmental chararterbtia that appear most important to accurately accessing discrepancies or errors 
between loc sigs. Thus, for a first set of environmental characteristics corresponding to: rural, flat terrain, summer, 8 PM 
and clear weather, it may be the case that no loc sig errors are ignored. Whereas, for a second set of environmental 
10 cfaracteristics corresponding to: dense urban, hilly, fall, 8 PM, heavy traffic, and snowing, all but the three smallest errors 

may be ignored. */ 

/* determine (and return) error object based on the remaining error records */ 

error_obj.measmt <— 0;// initializations 
error_obj.confidence <"-0; 
1 5 for each error_rec[i] in (error_rec_bag - BS_errors jo jgnore_bag) do 
{ 

crror_obj.measmt <— error_obj.measmt 4- (error_rec[i].error); 
em)r_obj.confidence<-"error_obj,confidence + (error_rec[i).confidence); 

} 

20 errDr_obj.measmt < — error_obj.measmt / JIZEOf (error_rec_bag - BS_errorsjo jgnore_bag); 
error^objxonfidence < — error_obj.confidence / SIZEOf {error_rec_bag • BS_errors_tojgnore_bag); 
RETURN(error_obj); 
EMDOF DB_LocJig_EiTor_Fit 

25 INTERNAL PROGRAMS: 

reduce_bad_DBJoc_sigs(loc_sig_bag , eiYor_rec_set, big_error_threshold 

confidence_reduction_factor, recent_time) 

/• This program reduces the confidence of verified DB loc sigs that are (seemingly) no longer accurate (i-e^ in agreement with 
comparable loc sigs in the OB). If the confidence is reduced low enough, then such loc sigs are removed from the DB. Further, if for a 
30 DB verified location entity (referencing a collection of loc sigs for the same location and time), this entity no longer references any 
valid loc sigs, then it is also removed from the location signature data base 1320. .Note that the steps herein are also provided in 
flowchart form in Figs. IBa through IBb. 
Inputs: 

145 



wo 98/10307 PCT/US97/15892 
loc_sig_bag: The loc sigs to be tested for determining if their conHdenoes should be lowered and/or these loc sigs 
removed. 

error_rec_set: The set of **error_rea" providing information as to how much each loc sig in "loc jig_bag" 
disagrees with comparable loc sigs in the DB. That is, thereisan'^error rec" here for each loc skin 
"loc s/£ bajr". 

big^error_threshold: The error threshold above which the erron are considered too big to ignore. 
confidence_reduction_factor. The factor by which to reduce the confidence of loc sigs. 
recent^time: Time period beyond which loc sigs are no longer considered recent 
{/* get he sigs from the Location DB Ijaving botti big absolute and relative errors 

(in comparison to ot/ier DB nearby loc sigs) V 
relatively_big_errors_bag <™ get "error^rea" in "error^recjet" wherein each "error_rec.error" has a size larger than, for 

example, the second standard deviation from the mean (average) of such errors; 
big_crror5_bag < — get "error^recs" in "relatively_big_errors_bag" wherein each -error_rec.error** has a value larger than 
"big_errorjhre$hold"; 

DBJoc jigs_w_bigjrrors < — get the loc sigs for "crror_recs" in **big_error5__bag" wherein each loc sig gotten here is 

identifted by "error_recJoc_$igjd"; 

/* get loc sigs from Hte Location DB that have been recentiy added or updated */ 

recent^locjigs <™^r_mp/7/_/7r^j{p(loc_sig^bag, recent Jime); /* Note, the function, "get_recent_locjigs" an have 
various embodiments, including determining the recent location signatures by comparing their time stamps (or other time 
related measurements) with one or more threshold values lor classifying location signatures into a "recent" categ07 
returned here and an a catego^ for *'old" or updatable location signatures. Note that these categories can be determined 
by a (tunable) system time threshold parameter(s) for determining a value for the variable, ''recentjime**, and/or, by 
data driving this categorization by, e.g., classifying the location signatures according to a sundard deviation, such as 
defining the "recent" category as those location signatures more recent than a second standard deviation of the 
timestamps of the location signatures in "loc_sig_bag". */ 

/* subtract die recent loc sigs from the loc sigs with big errors to get the bad ones 

V 

bad_DB Joe jigs <."(b!g_error_DBJoc_sigs)- (recent Joc_«g$); 

lower the confidence of the bad loc sigs V 

for each loc_sig[i] in bad_DBJoc_$igsdo 

loc_sig[i] .confidence <-- (locjigfij.confidence) * (conrHlence_reductiDnJactor); 
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/* for each bid loc sig, update it in tiie DB or remove it from use if its confidence 
is too low */ 

/• Now delete any loc jigi from the DB whoK confidences have become too low. */ 

for each loc_$ig[i] in bad_D6 Joc_$igj do ' • 

if (loc_5ig[i].confidence < min be sig confidence^ then 

{ 

/tfmf_f/lOM_l/Si{\ocj\g[\\); 

/* update composite location objects to reflect a removal of a referenced loc 
sigv 

verificdjoc^entity <— retrme^compositeJoathn^enthy^haYW^t^^^ 

/* Thh gets all other (if any) loc sigs for the compojite location object that were verified at the same time as 
"loc_sigfi]". Note, these other be $ig$ may not need to be deleted (i.e^ their signal charaaeristics may have a 
high confidence); however, it must be noted in the DB, that for the DB composite location entity having 
"loc_sig[i]-, this entity is no longer complete. Thus, this entity may not be useful as, e.g., neural net training 
data.*/ 

mark "verified Joc_entity" as incomplete but keep track that a loc sig did exist for the BS associated with "locjign]"; 
if (^erified_loc_e^tity" now references no loc sigs) then REHOVEjm^USBy^miiJt^zjmf); 

} 

else ^^tf/«/jr?_fl7/(Ktec_sig[i]);//with its new confidence 
} ENDOF reduce_bad_DBJoc_sigs 

lncrease_confidence_ofjood_DBJoc_sigs(nearby_loc_sig^bag, error^rec^set, 
smail_error_threshold» confidence jncreasejactor, recent_time); 

/• This program increases the confidence of verified DB loc sigs that are (seemingly) of higher accuracy (i^e., in agreement with 
comparable loc sigs in the DB). Note that the steps herein are also provided in flowchart form in figs. 19a through 19b. 
Inputi: 

loc^siLbag: The toe sigs to be tested for determining if their confidences should be increased. 
crror_rec_$ct The set of "error_recs" providing information as to how much each loc sig in "loc_sig_bag*' 

disagrees with comparable loc sigs in the DB. That is, there is an ''error fK" here for each loc sig in 

"he si£ /a/" 

sniali_error_threshold: The error threshoM below which the erron are considered too small to ignore, 
confidencejncrease^facton The factor by which to increase the confidence of loc sigs. 
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recent_time: Time period beyond which loc sigs are no longer considered recent. 
/^get loc sigs from the Location DB having both small absolute and relative errors 
(in comparison to other DB nearby loc sigs) V 

relatively_small_erforj_bag < - get "error_recs" in "error_rec_ser wherein each "error_rec.error" has a size smaller than, for 
5 example, the second standard deviation from the mean (average) of such erron; 

small jrrors_bag < — get *'error_rcc$" in "relativeiy jmall_error$_bag'* wherein each "error recerror^ has a size smaller than 
"jmall_errorjhreshold''; 

DB_loc_sig$_w_small_error$ < — get the loc sigs for "error^rea" in "$mall_error$_bag" wherein each loc sig gotten here is 

identified by "error_rec.locjig_id**; 
10 /*get loc sigs from the Location DB that have been recently added or updated */ 

recent Joc_$igs < — ^{_/»ff^/_Ar^j//j{loc_sig_bag, recentjirae); 

/• subtract the recent loc sigs from the loc sigs with small errors to get the good 
ones V 

good_DB Joc_sigs < — ($mall_error_DB Joe jigs) • (recent Joe jigs); 
15 /*for each good loc sig, update its confidence */ 
for each loc jigfi] in good_DB Joe jigs do 
{ 

locjig[i].conridence < — (locjig[i].confidence) * (conridence_increajejaclor); 
if (loc jigp], confidence > 1.0) then loc jig[ij <— 1.0; 

20 } 

ENDOF increase_good_DBJoc_sigs 

DATA BASE PROGRAMS FOR DETERMINING THE CONSISTENa OF LOCATION 
HYPOTHESES WITH VERIFIED LOCATION INFORMATION IN THE LOCATION 
25 SIGNATURE DATA BASE 

LOW LEVEL DATA BASE PROGRAMS FOR LOCATION SIGNATURE DATA BASE 

/* The following program compares: (al ) loc sigs that are contained in (or derived from) the loc sigs in "target loc jig bag" with 
30 (bl) loc sigs computed from verified loc sigs in the location signature data base. That is. each loc sig from (al) is compared with a 
corresponding loc sig from (bt) to obtain a measurement of the discrepancy between the two loc sigs. In particular, assuming each of 
the loc sigs for "target_toc jig^bag** correspond to the same target MS location, wherein this location is "target_loc", this program 
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deierminej how well the loc sigs in "targel_loc jig^bag** fit with a computed or estimated loc jig for the location, "targetjoc" 
that is derived from the verified loc sigs in the location signature data base. Thus, this program may be used: (a2) for determining 
how well the loc sigs in the location signature cluster for a target MS ("target_loc_sig_bag") compares with loc sigs derived from 
verified location signatures in the location signature data base, and (b2) for determining how consistent a given colleaion of loc sigs 
("target Jocjig_bag'') from the location signature data base is with other loc sigs in the location signature data base. Note that in 
{b2) each of the one or more toe sigs in "target Joc_sfg^bag" have an error computed here that can be used in determining if the 
loc sig is becoming inapplicable for prediaing target MS tocations Note that the steps herein are also provided in flowchart form in 
Figs. 20a through 20d.V 

Determine_Location_Signature_Fit_Errors(targetJoc, target Joc_sig_bag, 
search^area, search^criteria, output^criteria) 

/• Input: target Joe: An MS location or a location hypothesis for a particular MS, Note, this can be any of the 
following: 

(a) An MS location hypothesis, in which case, the ioc sigs in "target_loc_sig_bag" . 
are included in a location signature cluster from which this location hypothesis was 
derived. Note that if this location is inaccurate, then "target Joc^sig^bag*" is unlikely to 
be similar to the comparable loc sigs derived from the be sigs of the location signature 
data base close "target Joe**; or 

(b) A previously verified MS location, in which case, the loc sigs of 
**target_loc_$ig_bag'* are previously verified loc sigs. However, these loc sigs may or 
may not be accurate now. 

target Joc^siLbag: Measured location signatures ("loc sigs" for short) obtained from the particular MS 
(the data structure here, bag, is an aggregation such as array or list). The loation signatures here may be 
verified or unverified. However, it is assumed that there is at least one loc sig in the 
bag. Further, it is assumed that there is at most one loc sig per Base 
Station. It is also assumed that the present parameter includes a "type" 
field indicating whether the loc sigs here have been individually selected, or, 
whether this parameter references an entire (venfied) loc sig cluster; i.e., 
the type field may have a }mlue of: "UNVERIFIED LOC SIG CLUSTER'' or 
"yERIFIED LOC SIG CLUSTER'*; 

search_area: The representation of the geographic area surrounding "targetjoc**. This parameter is used 
for searching the Location Signature data base for verified loc sigs that correspond geographically to the 
location of an MS in "search_area"; 
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searcii_criteria: The criteria wed in searching the location signature dau base. The criteria may include 
the following: 

(a) "USEALLLOCSIGSIMDB". 

(b) -USE DULY REPEATABLELOCSIGS", 

(c) "USE ONLY IOC SIGS WITH SIMILAR TIME OF DAY". 

However, environmental chararteristia such as: weather, traffic, season are also contemplated, 
output^criteria: The criteria used in determining the error records to output in "error^rcc^ The criteria 
here may include one of: 

(a) -OUTPUT ALL POSSIBLE ERROR_R£a''; 

(b) "OUTPUT ERROR JEQ FOR INPUT LOC SIGS ONir. 

Returns: error jrec: A bag of error records or objects providing an indication of the similarity between each loc sig in 
"target_locjigJag" and an estimated loc sig computed for "target Joe" from stored loc sigs in a surrounding 
area of "target Joe". Thus, each error record/object in "error_rec" provides a measurement of how well a loc sig 
(i.e., wireless signal charaaeristics) in "target Joc_$ig;^bag" (for an associated BS and the MS at "targct_loc") 
correlates with an estimated loc sig between this BS and MS. Note that the estimated loc sigs are determined using 
verified location signatures in the Location Signature DB. Note, each error record in "error rec" includes: (a) a BS 
ID indicating the base station to which the error record corresponds; and (b) an error measurement ( > = 0), and 
(c) a confidence value (in (0. 1]) indicating the confidence to be placed in the error measurement. Also note that 
since "error_rec" is an aggregate data type (which for many aggregate identifiers in this specification are denoted by 
the suffix **_bag'* on the identifier), it can be any one of a number data types even though it's members are accessed 
hercinbelow using array notation. ♦/ 

/* get BS's associated with DB Joe Sigs in "seardi^area" tliat satisfy 
''searcli^criteria'' */ 

DBJoc_sig_bag <— mrieve_v€rifiedJoc_sig^\^m\[jm,%^7L^^ 

II get ail verified appropriate location signatures residing in the Location Signature data base. 

// Mote, some loc sigs may be Mocked from being retrieved. 
DB JS^bag < get_ ^I({DB Joc__sig^bag); // get all base stations associated with at least one location 

// signature in DB Jocjigjag. Note, some of these BSs may be low power "location 

//BSs". 

/* get BS's associated witii loc sigs in '*targetJoc_sig_l^g'' '/ 

^rget^BS^bag < g€t_ Arj(target Joc_sig_bag); // get all base stations associated with at least one 

// location signature in "target Joe jtg_bag". 
/* determine tlw BS's for whic/f error records are to be computed */ 

ISO 
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Qse of "output_criieria" including: 

**OUTPUT ALL POSSIBLE ERROR_RECS": /* In this case, it t$ desired to determine a collection or error records wherein there is 
an error record for each BS that is associated with a loc sig in **targ€t_loc jig^bag" and for each BS associated 
with a loc in the "search__area" satisfying "searchjriteria-. ♦/ 

BS_bag <— (OB_BS_bag) union {urget_BS_bag); 

-OUTPUT ERRORJEC FOR INPUT LOC SIGS ONLr: 

BS_tag target_BS_bag; 

endcase;" 

/* for each BS to have an error record computed, make sure there are two he sigs 
to compare: one loc sig derhedfrom the '*BS_ba^' loc sig data, and one from 
derived from the loc sigs in the Location Signature DB, wherein both loc sigs are 
associated with the location, ''target Joc'\ */ 

foreachBS[i]in"BS_hag"do 

{ /* determine two (estimated) loc sigj at "target^loc", one derived from "target_locjig_bag'' (if possible) and one derived 
from Location Signature DB loc sigs (if possible) V 
comparbonjocjig_bag[i] <— mrimjferifiedjocji^sjoti^l^^^^ 

r get all loc sigs for which BS[i] is associated and wherein the verified MS location is in 
"search_area" (which surrounds the location "target Joe") and wherein the loc 
sigs satisfy "search^criteria". •/ 
/♦ now determine if there are enough loc sigs in the "comparison_loc_sig_bag" to make 
it worthwhile to try to do a comparisoa */ 

if ( (SI2EOf(comparison_locjig_bag[i])/(SIIEOF(scarch_area)) ) < minjhreshold_ratio(area_iype{search_area)) ) 
then 

/* it is believed that there is not a dense enough number of verified loc sigs to compute a composite 
loc sig associated with a hypothetical MS at "target Joe". */ 
error_rec[i] .error < - invalid; 
else /* there are enough he sigs in *'comparkonjoc_sigjba^' to continue, and in 
particular, an estimated loc sig can be derived from the loc sigs in 
"comparisonjoc^s^bag"; however, first see if a target loc sig can be 
determined; if so, then make tiie estimated loc sig (denoted 
''estiniatedJoc^sigfO"). */ 

{ 
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if(BSri]ijintarget_BSJag)then 

/* get a loc sig in "targeLBSJag" for B5[i]; assume at most one loc sig per BS in 
"target Joe jig_bag" */ 
target_locjig[i] < - Af_x«(BS[i], target_loc_jig_^bag); 
else /♦ BS[i] is not in "target^BS_bag", accordingly this implies that we are in the 
process of attempting to output all possible error records for all BS's: (a) 
that have previously been deterted in the area of "search_area" (satisfying "search^criteria*'), union, 
(b) that are associated with a ioc sig in "target^loc_sig_hag". Note, the path here is performed when 
the MS at the location for "target Joe" did not detect the BS[i]. but B$[i] has previously been detected 
in this area.*/ 

if (target^loc jig_bag.type = = "UNVERIf lEO LOC SIG CLUSTER") then 

/♦ an at least determine if the MS for the cluster deicaed the BS[i]; i.e., whether BS[i] 
was in the set of BS*s delected by the HS even though no ioc sig was obtained for BS[i]. */ 
if (^/.i7/7^_</preir£'fl(target_loc_sig_bag. BS[i]) ) then /* detected but no loc sig */ 

errDr_rec(i];errar < - invalid; /* can't determine an error if this is all the information 
we have */ 

else /* BS[i] was not detected by the MS at "target JocJocation". so the pilot channel for BS[i] was 
in the noise; make an artificial loc sig at the noise ceiling (alternatively, e.g., a mean noise 
value) for the MS location at '*iarget_loc" */ 
target Joc^sigfi] < - get_ noise_ ceilini_ loc_ j/^target Joe); 
else; /* do nothing; there are no other types for "target Joc_sig_bag.type" that are currently used when 
outputting all possible error rwords for BS*s */ 
if (ern)r_rec[i].€rror NOT invalid) then 

/• we have a "target_loc jig" for comparing, so get the derived loc sig estimate obtained from the 

verified loc sigs in the location signature data base, */ 
estimated Joc__sig[i] < - estimate_loc_sig;_from_DB(targ€t_loc.location, 

comparison_loc_sig_bag[i]); 
/• The above call function provides an estimated loc sig for the location of "target Joe" and BS[i] 
using the verified toe sigs of "comparison loc_sig_bagp]" ♦/ 

} 

/' for each BS whose error record has not been marked ''invalid'', both 
'"targetjoc^sig"' and ''estimated Joc^g'* are now well-denned; so compute an 
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error record related to the difference between '^targetjoc^sig'' and 
"estimatedjoc^sig". */ 

for each BS [i] in "BS_bag " with error jec[i].error not invalid do /* determine the error records for these base sutions */ 
{ 

I* Note, the "urget^loc sig" here is for an US at or near the loation for the center of area for *"target_loc". */ 
ern»r_rec[i] <-"get_dffference_mcasurement(targetJoc_$ig[r]. estimated_loc_jig[i], 

comparison Joe jig_bag[i], search^area, 5earch_criterta)"y* get a measurement of the difference 

between these two loc sigs. */ 
crn)r_rec.loc_sigjd <— target Joc_$ig[i] .id;/* this ij the loc sig with which this error_rcc is associated ♦/ 
error_rec.comparisonjoc_sig Jd_bag <— comparison Joc_$ig_bag[i]; 

} 

RETURN(error_rec); 

ENDOF Determine_Location_Stgnature_Fit_Errors 

estimate_loc_sigJrom_DB(locJor_estimation, loc_sig_bag) 

/* This function uses the verified foe sigs in **locjig_bag" to determine a single estimated (or "typical") loc sig derived from 
the loc sigs in the bag. Note, it is assumed that all loc sigs in the ^loc^sig^bag** are associated with the same BS 122 
(denoted the BS associated with the "loc_sig_bag-) and that the locations associated with these loc sigs are near 
"loc jor estimation". Further, note that since the loc sigs are verilied, the associated base station 
was the primary base station when the loc sig signal measurements were sampled. Thus, the 
measurements are as precise as the infrastrtjcture allows. Note that the steps herein are also provided in flowchart form in 
fig. 21. 

Input: loc_for_cstimation A representation of a service area location. 

ioc_sig_bag A collection oi verifted loc sigs, each associated with the same base station and 

each associated with a service area location presumably relatively near to the 
location represented by "loc_for_estimation". ♦/ 
est_loc jig < ™ extrapolate/interpolate a location signature for the location at "locjorjstimation" based on loc sigs in 
"loc_sig_^bag"; 

/• Hote» "estjocjig" includes a location signature and a confidence measure. 

The confidence measure (in the range: [0, 1]) is based on: (a) the number of verified loc sigs in the search area; (b) how 
well they surround the center location of the new_loc» and (c) the confidence faaors of the loc sigs in "lac_sig_bag" (e.g., use 
average confidence value). 
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Note, for the extrapolation/interpolation computation here, there are many juch extrapolation/interpolation methods 
available as one skilled in the art will appreciate. For example, in one embodiment of an extrapolation/interpolation method, 
the following steps are contemplated: 

(39.1 ) Apply any pre-processing constraints that may alter any subsequently computed "est Joc^sig" values derived 
below). For example, if the BS associated with **loc jig_bag" is currently inaaive "location BS" (i.e., "active" 
meaning the BS is on-line to process location information with an MS. "inactive" meaning the not on-line), then, 
regardless of any values that may be determined hereinbelow, a value or flag is set (for the signal topography 
characteristics) indicating "no signal" with a confidence value of I is provided. Further, additional pre- 
processing may be performed when the BS associated with •*locjig_bag" is a location BS (LBS) since the 
constraint that a pilot channel from such an IBS is likely to be only detectable within a relatively small distance 
from the BS (e.g.. 1000 ft). For example, if the MS location, "loc_for_e$timation". does not intersea the 
radius (or area contour) of such a location BS. then, again . a value or flag is set (for the signal topography 
charaaeristics) indicating "outside of LBS area" with a confidence value of I is provided. Alternatively, if (a) 
a determined area. A, including the MS location, "locjor estimation" (which may itself be. and likely is, an 
area), interseas (b) the signal detectable area about the location BS, then (c) the confidence factor value may 
be dependent on the ratio of the area of the intersertion to the minimum of the size of the area in which the LBS 
is detectable and the size of the area of "locjor^estimation'*, as one skilled in the art will appreciate. 

Further, it is noteworthy that such pre-processing constraints as performed in this step may be 
provided by a constraint processing expert system, wherein system parameters used by such an expert system 
are tuned using the adaptation engine I3B2. 
(39 J) Assuming a value of "no signal" or "outside of LBS area" was not set above (since otherwise no further steps 
are performed here), for each of the coordinates (records). C. of the signal topography characteristics in the loc 
sig data strutture, generate a smooth surface, S(C). of minimal contour variation for the set of points { (x,y,z) 
such that (x,y) is a representation of a service area location , and z is a value of C at the location (x,y) for some 
loc sig in "locjig_bag" wherein (x,y) is a point estimate (likely centroid) of the loc sig}. Note that a least 
squares technique, a partial least squares technique, or averaging on "nearby" (x,y.z) points may be used with 
points from the above set to generate other points on the surface S(C). Additionally, note that for at least some 
surfaces characterizing signal energy, the generation process for such a surface may use the radio signal 
attenuation formulas for urban, suburban, ami rural developed by H. Hata in IEEE Trans, VT-29, pgs. 317-325, 
Aug. 1980, "Empirical Formula For Propagation Loss In Land Mobile Radio" (herein incorporated by reference). 
For example, Hata's formulas may be used in: 

(39 J.1) Determining portions of the surfaces S(C) where there is a tow density of verified loc sigs in 

"locjig_bag"* In particular, if there is a very low density of verified loc sigs in "loc jig_bag" for 
the service area surrounding the location of "loc Jor jstimation", then by determining the area 
1S4 
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P/f^i^) tranjmijjion area type a$ described hereinabove, ajjuming a .correspondence between 
the transmission area types and the more coarse grained categorization of : urban, suburban, and 
rural) between this location and the base sution associated with "!ocjig_bag'', and applying Hata*$ 
corresponding formula(s), a signal value i may be estimated according to these type(s) and their 
corresponding area extents between the MS and the B$. Note, however, that this option is considered 
less optimal to using the verified loc sigs of "loc_sig_bag** for determining the values of a surface 
S(C). Accordingly, a lower confidence value may be assigned the resulting composite loc sig ({.e^ 
"est_loc_$ig") determined in this manner; and reiatedly, 
QUI) Determining a surface coordinate (xo,yo,Zo) of S(Q when there are nearby verified loc sigs in 

**loc jig_bag". for example, by using Hata's formulas, an estimated surface value Z; at the location 
(Wo) may be derived from estimating a value at (xo.yo) by adapting Ratals formula's to 
extrapolate/interpolate the value from a nearby location (Xi,yi) having a verified loc sig in 
"loc_sig_bag". Thus, one or more estimates z, may be obtained used in deriving Zo as one skilled in 
statistics will appreciate. Note, this technique may be used when there is a moderately low density of 
verified loc sigs in "loc_$ig_bag" for the service area surrounding the location of 
"locjor^estimation". However, since such techniques may be also considered less than optimal to 
using a higher density of verified loc sigs of "loc jig_bag" for determining the values of a surface $(C) 
via a least squares or partial least square technique, a lower confidence value may be assigned the 
resulting composite loc sig (i.e., **est_loc jig**) determined in this manner. 
Further, recall that the values, z, for each loc sig are obtained from a composite of a plurality of signal 
measurements with an MS, and, that each value z is the most distinrt value that stands out above the noise in 
measurements for this coordinate, C So, for example in the COHA case, for each of the coordinates C 
representing a finger of signal energy from or to some MS at a verified location, it is believed that S(C) will be a 
smooth surface without undulations that are not intrinsic to the service area near "locjor^estimation". 
(393) For each of the coordinates, C, of the signal topography characteristics, extrapolate/interpolate a C-coordinate 
value on S(Q for an estimated point location of **locJor_estimatM)n". 
further note that to provide more accurate estimates, it is contemplated that Hata's three geographic categories and 
corresponding formulas may be used in a fuzzy logic framework with adaptive mechanisms such as the adaptation engine 1382 
(for adaptivefy determining the fuzzy logic classifications). 

Addhionaily, it is also within the scope of the present invention to use the techniques of L. E. Vogler as presented in "The 
Attenuation of Elearomagnetic Waves by Multiple Knife Edge Diffraction", US Oept of Commerce, NTIA nos, 81-86 (herein 
incorporated by reference) in the present context for estimating a loc sig between the base station associated with 
"loc jig_bag" and the location of "locjor^estimation". */ 
RETURN(estJocjig) 
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get_area_to_5earch(loc) 

r ThU function determines and returtu a repreientation of a geographic area about a location, "loc", wherein: (a) the geographic 
at«a has associated MS locations for an acceptable number (Le, at least a determined minimal number) of verified loc sigs from the 
location signature data base, and (b) the geographical area is not too big. Howem, if there are not enough loc sigs in even a largest 
aaeptable search area about "loc". then this largest search area is returned. Note that the steps herein are also provided in 
flowchart form in figs. 22a through 22b. */ 
{ 

loc_an!a_type < - get_area_ typd,\<K)\ l*%ti the area type surrounding "loc"; note this may be 

a vector of fuuy values associated with a central location of "loc", or, associated with an area having "loc". 
•/ 

$earch_area < - get_ defattlt_area_about(ht); I* this is the largest area that will be used •/ 
saved_search_area < - search_area; // may need it after "$earch_area" has been changed 
$earch_area_types <-"/tf_^/BJ_0'/«fj($earch_area); //e.g., urban, rural, suburban, mountain, etc. 
loop until RETURN performed: 
{ 

min_acceptable_nbr_loc_$igs <— 0; // initialiiation 
for each area_type in "search_area_types" do 
{ 

areajwrcent <- £et_pemat_o(_3rea_ol(inijfft, search_area); 

/* get percentage of area having "area_type" •/ 
min_acceptable_nbrJoc_sig$ < rain_acceptable_nbr_toc_sig$ + 

[(get_min_acceptable_verifed_loc_sig_denjity_for(area_type))* 
{SIZEOF(search_area) * areapercentt / 100)]; 

} 

/• Now get all verified loc sigs from the loation signature data base whose associated HS location is in 

"$earch_area".*/ 
total_nbr_loc_sig$ < - iet_aJ/_ verifyd_DB_ hc_ j^searcharea); 
if (min_acceptable_nbrJoc_$ig$ > total_nbr_ioc_^5) 

then /• not enough loc sigs in "search_area"; so return "5aYed_$earch_area" •/ 

RETURN(saved_seareh_area); 
else /* there is at least enough loc sigs, so see if "search_area" can be decreased •/ 
{ saved_seafth_area <~$earch_area; 
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seartli_area < — <leame_seaFch_area_abouil^t^ $earth_area); 

} 

} 

} 

5 ENDOF get_area_to_search 

/* For proceuing various types of loc sigs, particular signal processing filters may be required. Accordingly, in one embodiment of 
the present invention, a 'Tilter^bag** objea class is provided wherein various niters may be methods of this objea (in object-oriented 
terminology) for transforming loc sig signal data so that it is comparable with other loc sig signal data from, for example, an HS of a 

10 different classification (e.g., different power classification). It is assumed here that such a ''filter^bag" objea includes (or 

references) one or more filter objects that correspond to an input filter (from the Signal filtering Subsystem 1220) so that, given a 
location signature data object as input to the filter_bag object,, each such filter objea can output loc sig filtered data corresponding 
to the filter object's filter. Note, such a fiker_bag object may accept raw loc sig data and invoke a corresponding filter on the data. 
Further, a filter_bag objea may reference filter objects having a wide range of filtering capabilities, for example, adjustments to loc 

15 sig data according to signal strength may be desired for a particular loc sig comparison operator so that the operator can properly 
compare NS's of different power classes against one another. Thus, a filter may be provided that utilizes, for each BS, a 
corresponding signal strength change topography map (automatically generated and updated from the verified loc sigs in the 
location signature data base 1320) yielding signal strength changes deteaed by the BS for verified IIS location*s at various distances 
from the BS, in the radio coverage area. Additionally, there may also be filters on raw signal loc sig data such as quality 

20 charaaertstics so that loc sigs having different signal quality characteristics may be compared. 

get_difference_nieasurement(target_loc_sig, estimated_loc_sig» 

comparisonJoc_sig_bag» search_area, search^criteria) 

/* Compare two location signatures between a BS and a particular MS location (either a verified or hypothesized location) for 
25 determining a measure of their difference relative to the variability of the verified location signatures in the 

**comparison_loc_sig_bag" from the location signature data base 1320. Note, it is assumed tiiat "targetjoc^sig", 
''estitrntedjoc^sig" and tire loc sigs in **contparisonJocjsigJbag'* are all associated wkli the 
same BS 122. Moreover, it is assumed that "targetJocjig"and •'estimated Jocjig" are well-defined non-NIL loc sigs, and 
additionally, that **comparisonjoc_sig_bag" is non-NIL This fundon returns an error record, "error_rec". having an error or 
30 difference value and a confidence value for the error value. Note, the signal characteristics of "target^loc jig" and those of 
"estimated Jocjig" are not assumed to be normalized as described in section (26.1) prior to entering this funoion so that 
variations in signal characteristics resulting from variations in (for example) MS signal processing and generating charaaeristics of 
different types of MS's may be reduced, as described in the discussion of the loc sig data type hereinabove. It is further assumed 
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that typically the input loc jigs satisfy the "search_criteria". Note that the steps herein are also provided in flowchart form in figs. 
23a through 23c. 



tar^get^loc^sig: The loc sig to which the "error_rec" determined here is to be associated. Note that this loc $ig is 
associated with a location denoted hereinbelow as the ^'particular location". 

estimated Joc^slg: The loc sig to compare with the "target Joe jig", this loc sig: (a) being for the same MS location as 
•*target_locjig*', and (b) derived from verified loc sigs in the location signature data base whenever 
possible. However, note that if this loc sig is not derived from the signal charaaeristia of loc sigs in 
the location signature data base, then this parameter provides a loc sig that corresponds to a noise 
level at the particular MS location, 
comparison Joc_siLbag: The universe of loc sigs to use in determining an error measurement between 

"torgetjocjig" and "estimaied_loc_sig" . Note, the loc sigs in this aggregation include all 
loc sigs for the associated Base Station 122 that are in the "searchjrea" (which surrounds the 
particular HS location for "target Joe jig") and satisfy the constraints of "search jriteria". 
It is assumed that there are sufficient loc sigs in this aggregation to perform at least a 
minimally effective variability measurement in the loc sigs here, 
search^area: A representation of the geographical area surrounding the particular NS location for all input loc sigs. This 

input is used for determining extra information about the search area in problematic circumstances. 
searcli_criteria: The criteria used in searching the location signature data base 1320. The criteria may include the 
following: 

(a) -USE ALL LOC SIGS IN DB", 

(b) -USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY 

However, environmental charaaeristia such as: weather, traffic, season are also contemplated. ^1 

error 0;// initialization 

/*get identifiers for tiie filters to be used on tiie input ioc sigs */ 

^^^^Jf^l<-'-get_nit€r_objectsJorJiffemce_^^ 

/♦ It is assumed here ttel each entry in "filter_bag" identifies an input filter to be used in the context of determining a 
difference measurement between loc sigs. Note, if all loc sigs to be used here are of the same type, then it may be that there is no 
need for filtering here. Accordingly, "filterjag" can be empty. Alternatively, there may be one or more filter objects in 
Tilterjag*'*/ 
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/* for each filter, determine a difference measurement and confidence */ 

for each fijter_obj indicated in filter^bag do 
5 { 

filter ''target Joc^sig'*, **estimatedJocj5ig'' and loc sigs in "comparisonJoc_sig^bag'^* 
note, eacli filter^ obj can determine when it needs to be applied since each loc sig includes: 
(a) a description of the type (e.g., make and model) of the loc sig's associated MS, and (b) a 
filter flag(s) indicating filterfs) that have been applied to the loc sig. V 

1 0 target^loc jig < — filter_obj(target Joe jig); /* filter at least the sigrmi topography chararterijticj */ 

€jtimaied_loc jig < — filter jbj(€Jtiraated_loc jig); /* filter at least the signal topography charaaerixtics ♦/ 
comparisonjocjig^bag<— filter_obj(coniparison_locjig_bag); /* filter loc sig$ here too */ 

} 

15 /* determine a difference measurement and confidence for eacli signal topograpliy 
cliaracteristic coordinate V 

for each signal topography characteristic coordinate, C, of the loc sig data type do 
{ 

variability_mea$mtval <— variabiHty_mg€{^, comparisonjoc jig_bag); 
20 /* This function provides a range of the variability of the C-coordinate. In one embodiment this measurement is a 

range corresponding to a standard deviation. However, other variability measurement definitions are contemplated 
such as second, third or fourth standard deviations. */ 
/* mal(e sure Uiere are enouglt variability measurements to determine the 
vanability of values for this coordinate. V 
25 if {SIZEOf(compari$onJocjig_^bag) < e/p0ded_BS_/oc_sii_ares/ro/d{mnh_?im, search jriteria)) 

then /* use the data here, but reduce the confidence in the variability measurement. Note that it is expected 
that this branch h performed only when "comparisonjoc jig^bag" is minimally big enough to use (since this 
is an assumption for performing this function), but not of sufficient size to have full confidence in the values 
obtained. Note, a tunable system parameter may also be incorporated as a coefficient in the computation in the 
30 statement immediately below. In particular, such a tunable system parameter may be based on **search_area" 

or more particularly, area types intersecting "search_area".*/ 
{ 
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variability_ineasmt_conf_reduction_factor < — SIZEOF(comparison_loc_sig_bag)/ 

€xpeaed_BSJoc_si£^(hm/io/d[i^znhjim, jearch_criteria); 

} 

eke /* There is a sufficient number of loc jigs in "comparisonJoc_sig_bag" so continue */ 
{ 

variability_mea$mt_conf_reduaionJactor <— 1.0; //ue., don't reduce confidence 

} 

Now determine the Ccoord difference measurement between tite 
''target Joc^sig" and tide ''estimatedjoc^sig" V 

delu < ^A((targBt Joc_sig[C] - e$timated_loc_sig[C]); // get absolute value of the difference 
if (delta > variabilit/_measmt.val) then 

{ 

error <— error + (delta/variability jneasnit.val); 

} 

}/• end C-coord processing */ 

/* construct tite error record and return it */ 

€rTor_rec.€rror <— error; 

/* Get an average confidence value for the loc sigs in *'comparison^lo€^sig^bag" Note, we use 
this as the confidence of each loc sig coordinate below. V 

avcrage^confidence < ^K£Mfif(locjig.confidence for loc_sig in "comparison^loc^sig^bag"); 
error_reoconfidence <— MIN(targetJoc_$ig.confidence,estiraated_loc_$ig.confidence, (average_confidence * 

variability_measmt_conf_reductionJactor)); // presently not used 

RETURN{errar_rec); 

ENDOF get_difference_measurement 
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APPENDIX D: Context Adjuster Embodiments 

A description of the high level functions in a first embodiment of the Context Adjuster 

context_adjuster(loc_hypJist) 

5 I* This fundon adjusts the location hypotheses on the list, "toc^hypjist**, so that the confidences of the location hypotheses are 
determined more by empirical data than default values from the First Order Models 1224. That is, for each input location hypothesis, 
its confidence (and an MS location area estimate) may be exclusively determined here if there are enough verined location signatures 
available within and/or surrounding the location hypothesis estimate. 

This funaion creates a new list of location hypotheses from the input list, "loc^hyp Jist", wherein the location hypotheses on 

10 the new list are modified versions of those on the input list For each location hypothesis on the input list, one or more corresponding 
location hypotheses will be on the output list Such corresponding output location hypotheses will differ from their associated input 
location hypothesis by one or more of the following: (a) the ""image^area" field (see Fig. 9) may be assigned an area indicative of 
where the target MS is estimated to be, (b) if "image_area" is assigned, then the "confidence** field will be the confidence that the 
target MS is located in the area for "image_area", (c) if there are not sufficient "nearby*" verified location signature cjusters in the 

15 loQtion signature data base to entirely rely on a computed confidence using such verified location signature clusters, then two 
ioation hypotheses (having reduced confidences) will be returned, one having a reduced computed confidence (for *'image_area*') 
using the verified clusters in the Location Signature D6, and one being substantially the same as the associated input location 
hypothesis except that the confidence (for the field '"area^est") is reduced to reflect the confidence in its paired location hypothesis 
having a computed confidence for "image^area**. Note also, in some cases, the bation hypotheses on the input list, may have no 

20 change to iu confidence or the area to which the confidence applies. Note that the steps herein are also provided in flowchart form in 



Figs. 25a and 2Sb. 
{ 



25 
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indicating that no adjustment are present^ contemplated are only for the location hypotheses generated by 
the Home Base Station First Order Model, the location Base Station First Order Model and the Mobil Base 
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Slation f int Onler Model In particular, loation hypotheses from the Home Base Station model will have 
confidences of 1.0 indicating with highest confidence that the target MS is within the arta estimate for the 
location hypothesis. Alternatively, in the Location Base Station model, generated location hypotheses may 
have confidences of (substantially) + 1.0 (indicating that the target MS is absolutely in the area for 
5 "areajst"), or, -1 .0 (indicating that the target MS is NOT in the area estimate for the generated location 

liypothesis).*/ 

{ loc Jiyp[i] jmage_area < — NUU; // no adjustment, then no **image_area" 
add JO Ji$t(new_loc Jyp_list, loc_hyp[i]); //add "loc_hyp[i]" to the new list 

} 

10 ebe I* the location hypothesis can (and will) be modified; in particular, an "image^area" may be assigned, the 

"confidence" changed to reflect a confidence in the target MS being in the "imagejrca". Additionally, in some 
cases, more than one location hypothesis may be generated from "toc_hyp[i]". See the comments on f IG. 9 and 
the comments for "get_adjusted Joc_hypJist_for" for a description of the terms here. */ 

{ 

15 temp Jist < get_adjusted Joc_hypJist Jor(loc_hyp[i]); 

new_loc_hypJist <— rir/77^/7f_//xrj(new_loc_hyp_li5t,iemp_list); 

} 

RETURN(newJocJypJi$t); 
}ENDOF 

20 

get_ad|ustedJoc_hypJistJor(loc_hyp) 

/* This funaion returns a list (or more generally, an aggregation objea) of one or more location hypotheses related to the input 
location hypothesis, "loc_hyp". In particular, the returned location hypotheses on the list are "adjusted" versions of "loc^hyp'* in 
that both their target MS location estimates, and confidence placed in such estimates may be adjusted according to archival MS 
25 location information in the location signature data base 1320. Kote that the steps herein are also provided in flowchart form in Figs, 
26a through 26c 

RETURNS: locjyp Jist This is a list of one or more location hypotheses related to the 

input ''loc_hyp". Each location hypothesis on locjyp^list*' will typically be 
substantially the same as the input "locjyp" except that there may now be a new target 
HS estimate in the field, "image^area", and/or the confidence value may be changed to 
reflert information of verified location signature clusters in the location signature data 
base. 

Introductory Information Related to the Function, "get^^adjusted^loc^hyp^jist Jor" 
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This function and funaions called by this f unaion presuppose a framework or paradigm that requires some discussion as well as the 
defining of some terms. Note that some of the terms defined hereinbelow are illustrated in Fig. 24. 

Define the term the "the cluster set" to be the set of all MS location point estimates (e.g^ the values of the *'pt_est" field 
of the location hypothesis dau type), for the present FOK, such that these estimates are within a predetermined corresponding area 
(e.gn **loc_hyp.pt_cbvering" being this predetermined corresponding area) and these point estimates have verified loatbn 
signature clusten in the location signature data base. 

Note that the predetermined corresponding area above will be denoted as the "cluster set area^ 

Define the term "image cluster set** (for a given First Order Model identified by "loc_hyp.FOM_ID") to mean the set of 
verified location signature clusten whose MS location point estimates are in ''the cluster set". 

Note that an area containing the "image cluster set" will be denoted as the "image cluster set area" or simply the 
"image area" in some contexts. Further note that the "image cluster set area" will be a "small" area encompassing the "image 
cluster set". In one embodiment, the image cluster set area will be the smallest covering of cells from the mesh for the present FOM 
that coven the convex hull of the image cluster set. Note that preferably^ each cell of each mesh for each FOM is substantially 
contained within a single (transmission) area type. 

Thus, the present FOM provides the correspondences or mapping between elements of the cluster set and elements of the image 
cluster set. */ 

{ 

add Jo_^li$t(loc Jypjist, locjyp); /* note the fields of "loc_hyp" may be changed below, but add "locjyp" to the list, 

"loc_hypJisthere*/ 

mesh < — 0_ce//_mes6_for_nutde^\ozJ\yf}O\\J\))] /* get the mesh of geographic cells for the first Order Model for this 

location hyp6thesis.V 

PL"^'"_3rea getjmn_Brea_surrounding_pi^iii_\{)^, mesh); /* Get a minimal area about the MS location point, 
"ptjst" of "loc_hyp[i]" indicating a point location of the target MS. Note that either the "ptjst" field must be 
valid or the "area jst" field of "loc_hyp[i]" must be valid. If only the latter field is valid, then the centroid of the 
"area_est" field is determined and assigned to the "pt_est" field in the function called here. Note that the mesh of 
the model may be useful in determining an appropriately sized area. In particular, in one embodimem, if 
"loc_hyp.pt_est" is interior to a cell, C, of the mesh, then "pt_min_area" may correspond to C. Further note that 
in at least one embodiment, "pt^min^area" mybedej^mlenton the am type^'Mn which "loc_hyp.pt_est" 
resides, since spanely populated flat areas may be provided with larger values for this identifier. Further, this 
function may provide values according to an algorithm allowing perbdic tuning or adjusting of the values output, 
via, e.g., a Monte Carlo simulation (more generally, a statistical simulation), a regression or a Genetic Algorithm. 

For the present discussion, assume; (i) a cell mesh per FOM 1224; (ii) each cell is contained in substantially a 
Jingle (transmission) area type; and (iii) "pt_miH_area" represents an area of at least one cell, */ 

area < — pt_min_area; // initialization 
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pi_niax_area <'^get_nm_am_sufrounding^pt(\^iyi^, mesh); /* Get the maximum area about "pt_B$t" that ii 

deemed worthwhile for examining the behavior of the "loc_hypiOM_ID" first Order Model (POM) about "pt^est". 
Note that in at least one embodiment, this value of this identifier may also be dependent on the area type within 
which "loc_hyp.pt_e$r resides, further, this function may provide values according to an algorithm allowing 
periodic tuning or adjusting of the values output, via. eg., a Monte Carlo simulation (more generally, a statistical 
simulation or regression) or a Genetic Algorithm. In some embodiments of the present invention, the value 
determined here may be a relatively large proportion of the entire radio coverage area region. However, the tuning 
process may be used to shrink this value for (for example) various area types as location signature clusters for 
verified MS location estimates are accumulated in the location signature data base. */ 
minjlusiers < - get_miff_^br_ofyaster4}QcJyfmjd, area); /♦ for the area, "area", get the minimum number 

("min_clusters**) of archived MS estimates. L. desired in generating a new target MS loation estimate and a related 
confidence, wherein this minimum number is likely to provide a high probability that this new target MS location 
estimate and a related confidence are meaningful enough to use in subsequent Location Center processing for outputting a 
target MS location estimate. More precisely, this minimum number, "min_clusters." is an estimate of the archived MS 
location estimates, U required to provide the above mentioned high probability wherein each L satisfies the following 
conditions: (a) L is in the area for "area"; (b) L is archived in the loation signature data base; (c) I has a corresponding 
verifted location signature cluster in the location signature data base; and (d) L is generated by the fOH identified by 
-|oc_hyp.FOH_IO"). In one embodiment, "min_clu$ters" may be a constant; however, in another it may vary 
according to area type and/or area size fof **area") . in some it may also vary according to the fOM indicated by 
"loc^hyp.rOM__IO".«/ 

ptjstjag <-get_pf_estsJorJmsie_c/aster_se({\oz^^^^^^ Get the MS location point 

estimates for this FOH wherein for each such estimate; (a) it corresponds to a verified location signature cluster 
(that may or may not be near its corresponding estimate), and (b) each such MS estimate is in "pt_min_area". */ 
/* Now, if necessary, expand an area initially starting with "pt_min_area" until at least 

"min^clusters" are obtained, or, until the expanded area gets too big. */ 
while (($iieof(pt_est_bag) < min_clusters) and ($izeof(area) < = pt_max_arfa) do 
{ area <— //7f/Ejj»(area); 

min_clusters < — get_ww_ff6r_of_cksterj{\QcJfpm area); // update for new "area" 
pt_e$t_bag <'~iet_pt_esa_for_mage_daster_sei{iiQcJifp^^^ Ioc_hyp.pt_e$t. area); 

} 

j/l&fA_/S0(loc_hyp.pt_covering. area); // Hake "area" the "pt covering" field 

if ($izeof(pt_est_bag) = = 0) then /* there aren't any other f OH MS estimates having corresponding verified location 
signature clusten; so designate "loc Jyp" as part of the second set as described above and return. */ 
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{ 

loc_hypjjiiage_area <— NULL; //no image area for this locjyp; this indiates second set 
RETURN(loc^hyp^litt); 

} 

/• It is now assured that "pt^est^bag" is non-empty and "area" is at least the size of a mesh 
cell. ♦/ 

/• Now determine "image^arca" field for "loc_hyp" and a corresponding confidence value 
using the verified location signature clusters corresponding to the MS point estimates of 
"area" (equivaiently, in "pt_est_bag"). ♦/ 

/♦ There are various strategies that may be used in determining confidences of the "image_area" of a location hypothesis. In 
particular, for the HS location estimates (generated by the fOM of loc_hyp.FOM JO) having corresponding verified location 
signature clusten (that may or may not be in "area"), if the number of such HS location estimates in "area" is deemed 
sufficiently high (i.e.. > = "min_cluster5" for "area"), then a confidence value can be computed for the "image_area" that 
is predictive of the target MS being in "image^area". Accordingly, such a new confidence is used to overwrite any previous 
confidence value corresponding with the target MS estimate generated by the fOM. Thus, the initial estimate generated by the 
fOH is, in a sense, an index or pointer into the archived location data of the location signature data base for obtaining a new 
target MS location estimate (Le., "image_area") based on previous verified HS locations and a new confidence value for this 
new estimate. 

Alternatively, if the number of archived FOH MS estimates that are in "area," wherein each such MS estimate has a 
corresponding verified location signature clusters (in "image_^area-), is deemed too small to reliably use for computing a new 
confidence value and consequently ignoring the original target MS location estimate and confidence generated by the FOM, 
then strategies such as the following may be implemented. 

(a) In one embodiment, a determination may be made as to whether there is an alternative area and corresponding 
"image^area" that is similar to "area" and its corresponding "image_area" (e.g., in area size and type), wherein a 
confidence value for the "image_area" of this alternative area can be reliably computed due to there being a sufficient 
number of previous f OM HS estimates in the alternative area that have corresponding verified location signature clusters (in 
the loation signature data base). Thus, in this embodiment, the confidence of the alternative "image^area" is assigned as the 
confidence for the "image_area" for of "area". 

(b) In another embodiment, the area represented by "pt_max_area" may be made substantially identical witli the 
MS location service region. So that in many cases, there will be, as "area" increases, eventually be enough HS location 
estimates in the cluster set so that at least "min_clusters" will be obtained. Note, a drawback here is that "image_3rea" may 
be in become inordinately large and thus be of little use in determining a meaningful Urget HS location estimate. 
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(c) in another embodiment, denoted herein as the two tier strategy, both the original FOH MS location estimate and 
confidence as well as the "image^area** MS location estimate and a confidence are used. That is, two location hypotheses are 
provided for the target MS location, one having the FOH MS location estimate and one having the MS location estimate for 
**image_area". However, the confidences of each of these location hypotheses maybe reduced to reflect the resulting 
ambiguity of providing two different location hypotheses derived from the same f OM MS estimate. Thus, the computations for 
determining the confidence of "image^area may be performed even though there are less than the minimally required 
archived f OM estimates nearby to the original FOH target MS estimate. In this embodiment, a weighting($) may be used to 
weight the confidence values as, for example, by a function of the size of the "image jiu$ter_set". For example, if an 
original confidence value from the fOH was 0.76 and "area** contained only two-thirds of the minimally acceptable number, 
**min_clu$ten", then if the computation for a confidence of the corresponding "image^area" yielded a new confidence of 
0.43, then a confidence for the original FOH target MS estimate may be computed as [ 0.76 • (1/3)] whereas a confidence for 
the corresponding "image_area" may be computed as [0.43 « (2/3)]. However, it is within the scope of the present invention 
to use other computations for modifying the confidences used here, for example, tunable system coefficients may also be 
applied to the above computed confidences. Additionally, note that some embodiments may require at least a minimal 
number of relevant verified location signature clusters in the location signature data base before a location hypothesis utilizes 
the "image_area'* as a target MS location estimate. 

Although an important aspea of the present invention is that it provides increasingly more accurate MS location 
estimates as additional verified location signatures are obtained (i.e., added to the location signature data base), it may be the 
case that for some areas there is substantially no pertinent verified location signature clusters in the location signature data 
base (e.g., "image_area" may be undefined). Accordingly, instead of using the original FOH generated location hypotheses in 
the same manner as the location hypotheses having target MS location estimates corresponding to "image areas" in 
subsequent MS location estimation processing, these two types of location hypotheses may be processed separately. Thus, a 
strategy is provided, wherein two sets of (one or more) MS location estimates may result: 

(i) one set having the location hypotheses with meaningful "image areas" as their target MS location 
estimates and 

(ii) a second set having the location hypotheses with their confidence values corresponding to the original 
FOM target MS estimates. 

Since the first of these sets is considered, in general, more reliable, the second set may used as a "tie breaker" for determining 
which of a number of possible MS location estimates determined using the first set to output by the Loation Center. Note, 
however, if there are no location hypotheses in the first set, then the second set may be used to output a Location Center target 
MS location estimate. Further note that in determining confidences of this second set. the weighting of confidence values as 
described above is contemplated. . 

The steps provided hereinafter reflect a "two tieK' strategy as discussed in (c) above. 

*/ 
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/* The following factor is analogous to the 2/J*s factor discussed in (c) above. */ 
duster_ratio_factor <— min{(siieof(pt_e$t_bag)/min_clu5ter$)» 1,0}; 

/* Now use "area" to obtain a new target MS location estimate and confidence based on 
archived veriRed loc sigs, but first determine whether "area" is too big to ignore the original 
target MS location estimate and confidence generated by the FOM « */ 

if (jiieof{area) > pt_max_area) then /• create a loc_hyp that is essentially a duplicate of the originally input "loc_byp" 
except the confidence is lowered by "(LO - clujter_ratio Jactor)", Hote that the original "loc Jyp" will have its 
confidence computed below. V 

{ nfiw_loc_hyp < — %?to^<locJyp); // get a copy of the "loc^hyp" 
new_loc_hypjmage_ar€a < - NULL; // no image area for this new loc Jyp 

/* Now modify the confidence of "loc_hyp**; note, in the one embodiment, a system {i.e., tunable) parameter may also be 
used as a coefficient in modifying the confidence here. "^1 
new Joc_hypxonfidence <». newJoc_hyp.confidence * (1.0 •cluster_ratto_factor) ; 
addjojist(toc_hypjist, newJoc_hyp); 

} 

/• Now compute the "iniage_^arTea" field and a confidence that the target MS is in 
"image_area" */ 

image_cluster_set < — get_ verified^ loc_sig_ f/ztf»Af_/^?/(pt_esi_bag); /* Note, this statement gets the verified tocation 
signature clusters for which the target MS point location estimates (for the First Order Model identified by 
"loc_hyp.f OH^ID**) in "pl_e$t__bag" are approximations. Note that the set of MS loQtion point estimates 
represented in "pt__est_bag" is defined i^z'' cluster sef hereinabove.*/ 
image_area < — ^/^^/P4_a?/7/3/;7//5j(image cluster_$et); /* Note, in obtaining an area here that contains these verified 
location signature clusters, various embodinienu are contemplated. In a first embodiment, a (minimal) convex hull 
containing these clusters may be provided here. In a second embodiment, a minimal covering of ceils from the mesh 
for the POH identified by "loc_hyp.FOM JD" may be used. In a third embodiment, a minimal covering of mesh cells 
may be used to cover the convex hull containing the clusters. It is assumed hereinbelow that the first embodiment is 
used. Note, that this area is also denoted the "//z^p? cluster set are f as is described hereinabove. */ 
attach^ /to(loc_hyp.image_ar«a, image^area); /» Make •*image_area" the "image_area'* field of "locjyp". */ 
/• In the following step, determine a confidence value for the target MS being in the area for "image^area", */ 
confidence <— confidence_adjuster(loc_hypiOH_ID, image_area. image_clu$terjet): 
/♦ In the following step, reduce the value of confidence if and only if the number of MS point location estimates in 
"pt_e$t_bag" b smaller than "min^dusters" */ 
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toc_hyp.confKlence <-- confidence * clujter_ratioJacion 

RETURN{loc^hypJi$t); 
}ENDOF get^adjusted Joc_hypJist Jor 



confidence_adjuster(fONJD, image_area, Image^cluster^set) 

r This funaion returns a confidence value indicative of the target MS 140 being in the area for "image^area". Note that the 
steps herein are also provided in flowchart form in figs. 27a and 27b. 

RETURNS: A confidence value. This is a value indicative of the target MS being located in the area 
represented by "image_area" (when it is assumed that for the related "loc_hyp " the "cluster set area'* is the 
"loc_hyp.pt jovering" and "loc_hyp.f011_ID" is "FOM_ID"); 

Introductoty Information Related to the Function, "confidence^adjuster" 
This function (and funrtions called by this function) presuppose a framework or paradigm that requires some discussion as well as 
the defining of terms. 

Define the term "mapped cluster density" to be the number of the verified location signature clusters in an 
"image cluster set" per unit of area in the "image cluster set area". 

It is believed that the higher the "mapped cluster density", the greater the confidence can be had that a target MS aaually 
resides in the "image cluster set area" when an estimate for the target HS (by the present f OM) is in the corresponding "the 
duster set". 

Thus, the mapped cluster density becomes an important faaor in determining a confidence value for an estimated area of a 
target MS such as, for example, the area represented by "image^area". However, the mapped cluster density value requires 
modification before it can be utilized in the confidence calculation. In particular, confidence values must be in the range [-1, 1] 
and a mapped duster density does not have this constraint. Thus, a "relativized mapped cluster density" foran 
estimated MS area is desired, wherein this relativized measurement is in the range [-1, + 1], and in particular, for positive 
confidences in the range (0, 1]. Accordingly, to alleviate this difficulty, for the FOM define the term "prediction mapped 
cluster density" as a mapped duster density value, MCD. for the FOM and image duster set area wherein: 

0) MCD is sufficiently high so that it correlates (at least at a predetermined likelihood threshold level) with the attual target 

MS location being in the "image cluster set area" when a f OM target MS location estimate is in the corresponding "duster 

set area"; 

That is, for a cluster set area (e.g., "loc_hyp.pt_covering") for the present fOH, if the image duster set area: has a mapped 
cluster density greater than the "prediaion mapped duster density", then there is a high likelihood of the target MS being in the 
image cluster set area. 
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It is believed that the prediction mapped cluster density will typically be dependent on one or more area types. In 
particular, it is assumed that for each area type, there is a likely range of predirtion mapped cluster density values that is 
substantially uniform across the area type. Accordingly; as discussed in detail hereinbelow, to calculate a prediction mapped 
cluster density for a particular area type, an estinate is made of the correlation between the mapped cluster densities of image 
areas (from cluster set areas) and the likelihood that if a verified MS location: (a) has a corresponding f OM MS estimate in the 
cluster set, and (b) is also in the particular area type, then the verified MS location is also in the image area. 

Thus, if an area is within a single area type, then such a "relativized mapped cluster density** measurement for the area 
may be obtained by dividing the mapped cluster density by the prediction mapped cluster density and taking the smaller of; the 
resulting ratio and LO as the value for the relativized mapped cluster density. 

In some (perhaps most) cases, however, an area (e.g., an image cluster set area) may have portions in a number of area 
types. Accordingly, a "composite prediction mapped cluster density" may be computed, wherein, a weighted 
sum is computed of the prediction mapped cluster densities for the portions of the area that is in each of the area types. That is. 
the weighting, for each of the single area type prediaion mapped cluster densities, is the fraction of the total area that this area 
type is. Thus, a "relativixcd composite mapped cluster density" for the area here may also be computed by 
dividing the mapped cluster density by the composite prediction mapped cluster density and taking the smaller of: the resulting 
ratio and 1.0 as the value for the relativized composite mapped cluster density. 

Accordingly, note that as such a relativized (composite) mapped cluster density for an image cluster set area 
increases/decreases, it is assumed that the confidence of the target MS being in the image cluster set area should 
increase/decrease, respectively. ♦/ 

{ 

prcdiaion_mapped_cluster_density < — 

get_composite_predictron_mapped_cluster_density_with_htgh_certainty 

(fOM_IO, image_area); 

/* The funaion invoked above provides a "composite prediction cluster density" (i.e., clusters per unit area) that is 
used in determining the confidence that the target MS is in "image_area". That is, the composite prediaion mapped 
cluster density value provided here b: high enough so that for a computed mapped cluster density greater than or equal 
to the composite prediction cluster density , and the target MS f OM estimate is in the "cluster set area", there is a high 
expectation that the aaual target MS location is in the "image cluster set area" , */ 
max_area pt_nm_are3jor_high_cenaini){JiQij\i. image^arca); /» Get an area size value wherein it is highly 
likely that for an area of size, "max_area", surrounding "image_area", the aaual target MS is located therein. Note, 
that one skilled in the art will upon contemplation be able to derive various embodiments of this function, some 
embodiments being similar to the steps described for embodying the funaion, 

"get_composite_prediaion_mapped_cluster_density_with_high_certainty" invoked above; i.e.. performing a Monte 
Carlo simulation. *7 
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/♦ Given the above two values, a m/tjyemM^m value for the area, "image^area", can be calculated based on empirical 
data. 

There are various embodiments that may be used to determine a confidence for the "image^area". In general, such a 
confidence should va^ monotonically with (a) and (b) below; that is, the confidence should increase (decrease) with: 

(a) an increase (decrease) in the size of the area, particularfyW the area is deemed close or relevant to the location of 

the target MS; and 

(b) an increase (decrease) in the size of the image cluster set (le^ the number of verified location signature clusters in 

the area that each have a location estimate, from the f OH identified by "fOH_ID", in the "cluster set" 
corresponding to the "image_cluster_$et;" e.g., the "cluster set" beinga "locJyp.pt_covering"). 
As one skilled in the art will understand, there are many functions for providing confidences that vary monotonically 
with (a) and(b) above. In particular, for the cluster set area being "[oc_hyp.pt_cov€ring", one might be inclined to use the 
(area) size of the image cluster area as the value for (a), and the (cardinality) size of the image cluster set as the value for 
(b). Then, the following term might be considered for computing the confidence: 

($izeof(image cluster set area) * (sizeof(image cluster set)) which, in the present context, is equal to 
(sizeof("image_area") * {$izeof(**image_cluster_set")). 
However, since confidences are intended to be in the range [-1,1], a normalization is also desirable for the values 
corresponding to (a) and (b). Accordingly, in one embodiment, instead of using the above values for (a) and (b), ratios are 
used. That is, assuming for a "relevant" area. A (e.g., including an image cluster set area of **loc Jyp.pt_covering") that 
there is a very high confidence that the target MS is in A, the following term may be used in place of the term, 
sizeof("image_area"), above: 

min { [$izeof("tmage_area") / sizeof(A)], 1.0 }. [CAM] 
Additionally, for the condition (b) above, a similar normalization may be provided. Accordingly, to provide this 
normalization, note that the term. 

($izeof(image_area) * prediction_raapped_cluster_den$ity) [CAI.I.IJ 
is analogous to sizcof(A) in [CAM], That is, the expression of [CAMJ] gives a threshold for the number of verified location 
signature clusters that are likely to be needed in order to have a high confidence or likelihood that the target MS is in the 
area represented by "image__area". Thus, the following term may be used for the condition (b): 
min {($izeof(image_cluster_set) / 

[(sizeof(image_area) * prediction_mapped_clusterJensity]. 1.0} 

[CAI2] 

As an aside, note that 

sizeof (imagfi_clusterjet) / [$izeof(inBge jrea) * predictiGn_mapped_clusierJensity] 
is equivalent to 

[sizeof(image jiuster jet) / sizeof (imag€_area)] / (prediction_mapped_clu$terJensity) 
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and this latter term may be interpreted as the ratio of: (i) the mapped cluster density for **image_area" to (ii) an 
approximation of a cluster density providing a high expectation that the target HS is contained in "image_area'*. 

Note that the product of [CAI.I] and [CAL2] provide the above desired charaaeristics for calculating the confidence. 
However, there is no guarantee that the range of resulting values from such products is consistent with the interpretation 
that has been placed on (positive) confidence values; e.g., that a confidence of near 1.0 has a ve7 high likelihood that the 
target MS is in the corresponding area. For example, it can be tliat this product rarely is greater than 0.8, even in the areas 
of highest confidence. Accordingly, a "tuning" function is contemplated which provides an additional factor for adjusting of 
the confidence. This factor is, for example, a function of the area typei and the siie of each area type in "image area" . 
Moreover, such a tuning function may be dependent on a ''tuning coefficient" per area type. Thus, one such tuning function 
may be: 

Dumber of area tfpo 

min(S [tCj * si2eof(area type; in "image_ar€a") /si«of ("image^area")], 1.0) 

where tq is a tuning coefficient (determined in background or off-line processing; e,g., by a Genetic Algorithm or Monte Car o 
simulation or regression) for the area type indexed by "i**. 

Note that it is within the scope of the present invention, that other tuning functions may also be used whose values may 
be dependent on, for example, Monte Carlo techniques or Genetic Algorithms. 

It is interesting to note that in the productof [CAl.l] and [CAI J], the "image^area" size cancels out. This appears to 
conflict with the description above of a desirable confidence calculation. However, the resulting (typical) computed value: 

[si2eof(image_clu$ter_set)] / [max_area * prediction_mapped_cluster Jensity] [CAIJ] 
is strongly dependent on "image_area" since "image_clu$ter_set'* h derived from "image_area" and 
"prediction_mapped_cluster_density" also depends on "image^area". Accordingly, it can be said that the product [CAI.3] 
above for the confidence does not depend on "raw" area size, but rather depends on a "relevant" area for locating the target 
MS. 

An embodiment of the confidence computation follows: 

*/ 

area_ratio <-- min((jizeof(image_area) /max_area), 1.0); 
cluster_den$ity_ratio <— 

min( (($izeof(image_duster_iet) / [$izeof(image_area) * (prediction^mappedjluster Jensity)]), 1.0 ); 
tunablc_conjtant < — get_conrHlence_tvning_msQniS^\mi^jm)\ //as discussed in the comment above 
confidence <— (tunable ^constant) * (area^ratio) * (cluster_density_ratio); //This is in the range [0, 1] 
llETURN(confidence); 



171 



wo 98/10307 

} ENDOF confidence_adju5ter 
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get_compo5ite_predktion_mapped_cluster_densit/_with_high_cer^ 
5 (FOM_ID, image_area); 

/* The present function determines a composite prediction mapped cluster density by determining a composite prediction 
mapped cluster density for the area represented by "image_area'* and for the first Order Model identified by "fOM^ID". The 
steps herein are also provided in flowchart form in rig,28. 

OUTPUT: compos{te_inapped_d etisity This is a record for the composite prediction 
mapped cluster density. In particular, there are with two fields: 

(i) a **value" field giving an approximation to the prediction mapped cluster density for the first 
Order Model having id» fOMJD; 

(ii) a "reliability" field giving an indication as to the reliability of the %alue" field. The reliability 
field is in the range [0. 1] with 0 indiating that the "value" field is worthless and the larger the 

15 value the more assurance can be put in "value" with maximal assurance indicated when "reliability" 

is I*/ 

{ 

/* Determine a fraaion of the area of "image^area" contained in each area type (if there is only one, e.g., dense urban or 
a particular transmission area type as discussed in the detailed description hereinabove, then there would be a fraction 
20 having a value of I for this area type and a value of zero for all others). */ 

composite_mapped Jensity < 0; // initialization 

for each area jype intersecting "image_area" do // "area^type" may be taken from a list of area types . 
{ /* determine a weighting for "area_type" as a fraction of its area in "image_area" */ 
intersection < — /}7/i?/jM(image_area, jra_A/(area_type)); 
25 weighting < — sizeof(intersection) / sizeof(area Jmage); 

/* Now compute a predirtion cluster density that highly correlates with predicting a location of the target MS for this 
area type. Then provide this cluster density as a factor of a weighted sum of the prediaion cluster densities of each 
of the area types, wherein the weight for a particular area type's prediction cluster density is the fraction of the total 
area of "image^area" that is designated this particular area type. Note that the following f unrtion call does not 
30 utilize information regarding the location of "image^area". Accordingly, this function may access a precomputed 

table giving predication mapped cluster densities for {F0H_1D. area_type) pairs. Hov/ever, in alternative 
embodiments of the present invention, the predirtion mapped cluster densities may be computed specifically for the 
area of "image_area" intersert "area^type", */ 
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prediction_niapped Jenjity < — get_prediction_mapped_cluster_density Jor(FOH_IO, area_type); 
conipo$ite_mapp€d_den$ity <— compo5ite_mapped_def»ity + 

(weighting * predittton_mappedJen$ity); 

} 

RETURN(compo$itejnapped_den$ity); 
} ENDOF get_composite j}rediction_mapped_cluster_density_wkh_high_certainty 

getj)rediction_mapped_cluster_densit/_for(FOMJD, area_type) 

The present function determines an approximation to a prediction mapped cluster density, D, for 
an area t/pe such that if an image cluster set area has a mapped cluster density > = D, 
then there U a high expectation that the target MS 140 is in the image cluster set area. Hote 
that there are a number of embodiments that may be utilized for this function. The steps herein are also provided in flowchart 
form in Figs. 29a through 29h. 

OUTPUT: predict ion_mapped_cluster_density This is a value giving an approximation to the 

prediction mapped cluster density for the first Order Model having identity, "F0I1_ID", and for the area type 
represented by *'area_type" */ 

Introductory Information Related to the Function, 

"gct_predication_mapped_cluster_densityJor" 

It is important to note that the computation here for the prediction mapped cluster density may be more intense than 
some other computations but the cluster densities computed here need not be performed in real time 
target MS location processing. That is, the steps of this function may be performed only periodically (eg,, once a week), for each 
fOM and each area type thereby precomputing the output for this funaion. Accordingly, the values obtained here may be stored in 
a table that is accessed during real time target MS location processing. However, for simplicity, only the periodically performed 
steps are presented here. However, one skilled in the art will understand that with sufficiently fast computational devices, some 
related variations of this function may be performed in real-time. In particular, instead of supplying area type as an input to this 
funaion, a particular area, A, may be provided such as the image area for a cluster set area, or, the portion of such an image area in 
a particular area type. Accordingly, wherever "area_type** is used in a statement of the embodiment of this funaion below, a 
a)mparable statement with "A** can be provided. 

{ 

mesh get_me5hJotifmj^)\ /* get the mesh for this First Order Model; preferably each cell of **mesh" is substantally 
in a single area type. */ 
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max_nbr_$irnulaiionj g€t_Monte_Carlo_simubtm_nbi(m_% area^type); /• This function outputs a value of the 

maximum number of simulations to perform for estimating the prediction mapped cluster 
density. Note that the output here may always be the same value such as 100. ♦/ 
nbrjimulation$_performed <— 0;// initialization 
5 while (nbr_simulations_performed < = max_nbr_$imulations) do // determine a value for the "average mapped cluster 

density" and a likelihood of this value being predictive of an US location. */ 

{ 

representative_cell_duster_set < ^/_/p/?/pj^/7/a^^^ 

of this funaion should provide a different set of cell clusters from a covering from •*mesh" of an (sub)area of 
10 "area^type". There should ideally be at least enough substantially different sets of representative cell 

clusten so that there is a distina sets of cell clusters for each simulation number, j. Further note that, in one 
embodiment, each of the "representative cell cluster sets" (as used here) may include at least a determined 
proportion of the number of cells distributed over the area type. Horeover,jach cell cluster (within a 
representative cell cluster set) satisfies the following: 
15 A' The cell cluster is a minimal covering (from "mesh") of a non-empty area, A, of type "area_type" ("A" 

being referred to herein as the associated area for the cell cluster); 

B. The cells of the cluster form a connected area; note this is not absolutely necessa^; however, it is preferred 
that the associated area "A" of "area_type" covered by the cell cluster have a "small" boundary with other 
area types since the "imagejreas" computed below will be less likely to include large areas of other area 

20 types than "area_type;" 

C. There is at least a predetermined minimal number ( > = I) of verified location signature clusters from the 
location signature data base whose loations are in the associated area "A". 

D. The cell cluster has no cell in common with any other cell cluster output as an entry in 
"representative_cell_clusier_set" . */ 

25 if (representativejelUiuster jet is NULL) then /* another representative colleaion of cell clusters could not be found; so 

cease further simulation processing here, calculate return values and return ♦/ 
break; // jump out of "simulation loop** 
else /* there is another representative collection of cell clusters to use as a simulation */ 
{ 

30 for each cell cluster, C, in "represcntativejelMusters" do /* determine an approximation to the predictiveness of the 

mappings between: (a) cluster set areas wherein each cluster set area is an area around a (FOH_ID) f CM 
estimate that has its corresponding verified location in "C" and (b) the corresponding image areas for 
these cluster set areas. Note, the location signature data base includes at least one (and preferably more) 



174 



wo 98/10307 PCT/US97/15892 

loQtion signature clusters having verified locations in each cell cluster C as per the comment at (C) above. 
V 

{ random Jist < rBndomfy_selea_ venfiBd_HSJocsJnif:)\ I* select one or more verified HS 

locations from C */ 
5 mapped_density_sum < — 0; // initialization 

for each verified location. *'rand_verif_loc*'. in "random Jist" do /♦ let X denote the MS MO estimate by the 

present FOM of the verified loation signature cluster of "rand_v€rifJoc"; let a(X) denote 
the cluster set obtained from the cluster set area (i.e., pt_area) surrounding X; this loop 
determines whether the associated image area for the set CS(X) • X, (i.e., the image area for 
10 CS(X) without "rand_verif Joe") includes "rand_verifJoc"; i.eM t^ to predia the location 

area of "rand_verif_loc". */ 
{ laciest <-/f/;^/^r^w/_)i?/(rand_yerif Joe. fOM^ID); /* get the FOM MS location 
estimate.for an HS actually located at **rand_verif_loc". */ 
clusterjei < g€tJoc_em_surroundin^{itj%\, mesh); /* expand about "loc_est" until a minimal 
1^ number of other location estimates from this FOM are obtained that are different from 

"loc^est", or until a maximum area is reached. Note, "clusterjet" could be empty, but 
hopefully not. Also note that in one embodiment of the funaion here, the following functions 
may be invoked: "get_min_area_$urrounding.'' "get_max_area_surrounding" and 
"get_min__nbr_of_clusters" (as in "get^adjusted Joc_hyp_list Jor". the second function 
20 ofAppendixO):*/ 

image jet <--getJmage_ol[<\\mrj^i)\r "image_$et" could be empty, but hopefully not */ 
imagejrea <---/f/_/)z)!fl5fe_j/iP^^ Note. "image_area" 

could be an empty area, but hopefully not. *l 
if (rand_vcrif_loc is in image^area) 
25 then /• this is one indication that the mapped cluster density: (sizeof [image jet]/image_area) is 

sufficiently high to be predirtive */ 
predictions <— predictions + I; 
if (imagejet is not empty) then 
{ 

30 density < — sizeof (imagejet) / sizeoffimage jrea); /* Get an approximation to the mapped cluster 

density that results from "imagejet" and "imagejrea." Note, that there is no 
guarantee that "image jrea" is entirely within the area type of "area iype.*' Also 
note, it is assumed that as this mapped cluster density increases, it is more likely that 
"mdm jerif_loc" is in **image_area". */ 
I7S 
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mapped^densityjum <— mappcd_d€njity_xom + density; 

} 

} /• end loop for prediaing loation of a random MS veriOed location in cell cluster L */ 
total_pojjible_prBdiaion$ < - si2eof(randomJist); // One prediction per element on list. 
5 /♦ Now get avefdge mapped density for the cell cluster C ♦/ 

avg__mappedjen$ity(q mapped Jenjityjum/total_pojjible_predittion$; 
/* Now get the prediction probability for the cell cluster C •/ 
predirtionj)robability(q <— predictions /total_possiblejirwlictions; 
} /• end loop over celt clusters C in "representative_ccll_dusterj" */ 
10 nbr^simubtions _perfonned <— nbrjimulation$_performed + 1; 
}//end else 

/* It would be nice to use the set of pairs (avg_mappedjensity[q, prediaion_pn)bability[q) for extrapolating a mapped 
density value for the area type that gives a ve^ high prediction probability. However, due to the potentially small 
number of verified MS locations in many cells (and cell clusten). the prediction probabilities may provide a very small 
15 number of distina values such as: 0, l/2» and I. Thus, by averaging these pairs over the cell clusters of 

"reprBseniativc_celUlusters", the coarseness of the prediaion probabilities may be accounted for. */ 
avg_mapped_cluster Jensity[nbr_$imulation5_pcrformed] < — 

aYi_ of_ cell_ mpped_ fl<?/7J///i?^avg_mapped_den$ity); 
avg_prediction_probability[nbr_simulation$j»erformed] < — 

3Yi^of_cell_predtm_pmbibilkk^^x^i^\a^^^ 
}/*end simulation loop */ 

/* Now determine a measure as to how reliable the simulation was. Note that "reliability" computed in the next statement is in 

the range [0, 1].*/ 
reliability < — nbr_simulalion$_^performed /max_nbr_5imulation$; 
25 if {reliability < system Jefined__epsilon) then /* simulation too unreliable; so use a default high value for 

"prediaion_roapped_clu$ter_density" •/ 
predtction_mapped_clusterJensity < - get Jefaultjighjensity_value Jor(are3_typ€); 
else /* simulation appears to be sufficiently reliable to use the entries of "avg_mapped_cluster Jensity" and 
**avg[_prediction jrobability** */ 
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/* A more easily discernible pattern between mapped cluster density and prediaion probability may be provided by the set 
of pairs: 

S = {(avg_mappedjluster Jensity[j]. avg_prediction_probabilityO])}, so that a mapped cluster density value 
having a high prediaion probability (e.g.. 0.95) may be extrapolated in the next statement. However, if it is 
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determined (in the function) that the set S docs not extrapolate well {due to for example all ordered pairs of S being 
clustered in a relatively small region), then a "NULL" value is returned. V 
prediction_mapped_cluster_den$iiy < - mapped^ cluster^ density^ £x//2r/?^^Ar/tffl(avg_mapped_cluster_density, 

avg_prediction_probability, 0.95); 
if ( (prediction_mapped_cluster_den$ity = = NULL) then 

/• set this value to a default "hfgh" value for the present area type*/ 
predirtion_mapped_clu$ier Jensity < get Jefault Jigh Jensity jalue Jor(area_type); 
else // $0 both "prediaion^mapped^cluster Jensity" and it's reliability are minimally OR. 

/• Now take the "reliability" of the "pfediction_mapped_clusterJensity" into account. Accordingly, as the 
reliability f/^f/paw/then the prediction mapped cluster density should be increasei However, there is a system 
defined upper limit on the value to which the prediaion mapped cluster density may be increased. The next 
statement is one embodiment that ukes all this into account. Of course other embodiments are also possible. 

predirtion_mapped_cluster_density<"- 

min {(prediaion_mapped_clusterJensity / reliability), 
get_default_high_density_value_for(are3_type)}; 
} //end else for simulation appearing reliable 
RETURN(prediction_mappcdjlu$ter_den$ity); 
} ENDOF get_prediction_niapped_cIuster_densltyJor 
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A Second Embodiment of the Context Adjuster. 

Note that in this Mcond embodimcni of the Context Adjuster, it uses various heuristics to incremen^decremem the confidence 
value of the location hypotheses comir^ from the First Order Models. These heuristics are impfcmented using fuzzy mathematics, wherein 
5 Hnguistic fuzzy "if-then" rules embody the heuristia That is, each fuzzy rule includes terms in both the T and the "then" portions that arc 
substantially described using natural language — like terms to denote various parameter value classifications related to. but not equivalent to, 
probability density functions, further note that the Context Adjuster and/or the POM's may be calibrated using the location information 
from liSs (i^^ fixed location BS transceivers), via the Location Base Station Model since such LBJ's have well known and accurate 
predetermined locations. 

10 Regarding the heuristia of the present embodmient of the context adjuster, the following is an example of a fuzzy rule that might 

appear in this embodiment of the Context Adjuster 

If <the$easoni$fall> then <thcconfKjencelevelofOistanceModelbin^^^ 

15 In the above sample rule, "Distance Model" denotes a first Order Model utilized by the present mvention. To app^ this sample rule, 

the fuzzy system needs a concrete definition of the term "fall" In tradtttonal expert systems, the term fall would be described by a particular 
set of months, for example, September through November, in v/hich traditional set theory is applied. In traditional set theory, an entity, in this 
case a date, is either in a set or it is not in a set, e^. its degree of membership in a set is either 0, indicating that the entity is not in a particular 
set, or I, indicating that the emity is in the seL However, the tradhional set theo^ employed in expert systems does not lend itself well to 

20 entities that fall on set boundaries. For example, a traditional expert system could take dramatically different actbns for a date of August 31 
than it could for a date of September I because August 3 1 might belong to the set "Summer" while the date September I might belong to the set 
"Fall." This is not a desirable behavior since it is extremely difficult if not impossible to determine such lines of demarcation so accurately. 
However, fuzzy mathematics allows for the possibility of an entity belonging to mukiple sets with varying degrees of confidence ranging from a 
minimum value of 0 (indicating that the confidence tiie entity bebngs to the particular set is minimum) to I (indicating that the confidence tije 

25 entity betongs to the particular set is maximum). The "fuzzy boundaries" between the various sets are described by fuzzy membership 

functions which provide a membcnhip function value for each value on the entire range of a variable. As a consequence of altowing entities to 
bebng to mukiple sets simultaneously, the fuzzy rule base might have more than one rule that is applicable for any situation. Thus, the actions 
prescribed by the individual rules are averaged via a weighting scheme where each rule is implemented in proportion to its minimum 
confidence. For further information regarding such fuzzy heuristics, die foltowing references are incorporated herein by reference: (McNeil and 

30 Freiberger, 1993; Cox, 1994; Klir and Folger. l999;Ziimiierman, 1991). 

Thus, the rules defined in the fuzzy rule base in conjunction with the membership functions allow the heuristics for adjusting 
confidence values to be represented in a Snguistic form more readily understood by humans than many otiier heuristic representations and 
thereby making it easier to maintain and modify the rules. The fuzzy rule base with its membership funaions an be thought of as an extenMon 
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to a tradhional expert system. Thus, since traditional expert systems are subsets of fuzzy systems, an akemative to a fuzzy rule base is a 
traditional expert system, and it is implicit that anywhere in the description of the current invention that a fuzzy rule base an be repbced with 
an expert system. 

Also, these heurisiia may evolve over time by employing adaptive mechanisms including, but not limited to. genetic algorithms to 
adjust or tune various system values in accordance with past experiences and past performance of the Context Adjuster for increasing the 
accuracy of the adjustments made to location hypothesis conftdence values. For example, in the sample rule presented above: 

If <the season is raB> then <the confidence level of Distance Model is increased by 5%> 
an adaptive mechanism or optimization routira on be used to adjust the percent increase in the confidence level of the Distance ModeL for 
example, bf accessing the MS Status Repository, a genetic algorithm is Qpable of adjusting the fuzzy rules and membership f unaions such that 
the tocatbn hypotheses are consistent with a majority of the verified US locatbns. In this way, the Context Adjuster is able to cmpby a genetic 
algorithm to improve itt performance over time, for further information regarding such adaptive mechanisms, the following references art 
incorporated herein by reference: (Goldberg, 1989; Holland^ 1975). for further information regarding the tuning of fuzzy systems using such 
adaptive mechanisms, the following references are incorporated herein by reference: (Karr, 1991a, 1991b). 
In one embodiment, the Context Adjuster altera the confidence values of location hypotheses according to one or more of the following 
emfironmental farton: (I) the type of region (e.g.. dense urian, urtan, rural, etc), (2) the month of tte year, (J) the time of day, and (4) the 
operational status of base stations (e^., on-line or off-line), as well as other environnrcntal factors that may substantially impaa the 
confidence placed in a bcatbn hypothesis. Note that in this embodiment, each environmental factor has an asadated set of linguistic 
heuristia and associated membership functions that prescribe changes to be made to the confidence values of the input location liypotheses. 
The context adjuster begins by receiving Iwation hypotheses and associated conftdence levels from the First Order Models. The Context 
Adjuster takes this information and improves and refines it based on environmental informatran using the modules described below. 

B.I COA Calculation Module 

As mentioned above each loation hypothesis provides an approximation to the HS position in the form of a geometric shape and an 
associated confidence value, a. The COA calculation modufe determines a center of area (COA) for each of the geometric shapes, if such a COA is 
not already provided in a location hypothesis. The COA Cakuhtion Module receives the following informatbn from each First Oirler Model: (I ) 
a geometrial shape and (2) an associated confidence value, a. The COA calcubrion is made using traditional geometric computations 
(numerical algorithms are readily available). Thus, following this step, each tocatbn hypothesis includes a COA as a single point that is 
assumed to represent the most likely approximation of the locatton of tfie MS. The COA Cakulatwn Module passes the foltewing information to 
the fuzzification module: (I) a geometrial shape assocQted with each first order moikl 1224, (2) an associated confidence value, and (3) an 
assDcratedCOA. 

B2 Fuzzification Module 



179 



wo 98/10307 PCT/US97/15892 

A fuzzifiation module receives the following information fromthe COA Calculation Hodiile: (1) a pometrical shape associated with each 
first Order Model, (2) an associated conrHlence value, and (3) an assocated COA. The Fuzzification Module uses this information to compute a 
membership function value ffj) for each of the M location hypotheses received from the COA calculation module (where the individual models 
aiB jdentifred with an i index) for each of the N environmemal faaors (identified with a j index). In addition to the information received from 
the COA Calculation Module, the f uaificaiion Module receives information from the Location Center Supervisor. The fuzzification module uses 
current cmrironmemal information such as the current time of day, month of year, and information about the base stations on-Fine for 
communicating with tte MS assocated with a location hypotbesb currently being processed (this information may include, but is not I'lmited to, 
the number of base stations of a given type. e.g, location base stations, airi regubr base stations, that have a previous history of being detected 
in an areaabout the COA for a location hypothesis). The base station coverage information is used to compute a percentage of base stations 
reporting for each location hypothesis. 

The fuzzification is achieved in the traditional fashion using fuzzy membership functions for each environmental factor as, for example, is 
described in the following references incorporated herein by reference: (McNeil and freiberger. 1993; Cox, 1994; Rlir and Folger, 1999; 
Zimmerman,! 991). 

Using the geographical area types for illustration purposes here, the following procedure might be used in the Fuzzification Module. Each 
value of COA for a location hypothesb is used to compute membership function values for each of five types of areas: (I) dense urban 
M Q) urtan (^u), (3) suburban ifj^, (4) rural plain ^^p), and (5) rural mountains iiJ^. These membership function values provide 
the mechanism for representing degrees of membership in the area types, these area types being determined from an area map tiiat has been 
sectioned off. In accordancE with fuzzy theory, there may be geographial locations that include, for example, both dense urban and urban 
areas; dense urban and rural plane areas; dense urban, urban, and rural plane areas, etc Thus for a partkubr MS location area estimate 
(described by a COA), it may be both dense urban and urban at the same time. The resolution of any apparent conflict in applicable rubs b 
later resolved in the Defuzzification Module using the fuzzy membership funaion values (jj) computed in the fuzzification Module. 

Any particularvalueofaCOAcan land in morethanone area type. Forexample, the COA may be in both dense urban and urban. Further.in 
some cases a location hypothesis for a particular first Order Model i may have membership f unaions^/ou'. A^u . A^s. A^rp', and wherein they 
att potentially have non-zero values. Additbnally, each geographical area is contoured. Note that the membership function contours allow for 
one distinrt value of membenhip function to be determined for each COA location (i.e., there will be distina values olfj^, f^lfJtlfJiJ, and 
/iw' for any single COA value associated with a particular model i). for example, the COA would have a dense urban membership function 
value,/iou', equal to Oi. Similar comours would be used to compute values of fj^.jjlfjj, and p J. 

Thus, for each COA. there now exists an array or series of membership function values; there are K membership function values (K = number 
of descriptive terms for the specified cnviromnenial factor) for each of H First Order Models. Each COA calculation has associated with it a 
definitive value for^ou'. fJ^^tuM, and^fj^'. Taken collectively, the M location liypotfreses with membership function values for the K 
descriptive terms for the particular environmental faaor resulu in a membership funaion value matrix. Additionally, similar membership 
funaion values are computed for each of the H environmental laaors, thereby resulting in a corresponding membership funaion value matrix 
for each of the N environmental factors. 
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The FuzziTotion Module passes the N memberahip function value matrices described above to the Rule Base Module atong v/ith all of the 
information it originally received From the COA Calcubtion Module. 
B3 Rule Base Module 

The Rule Base Module receives from the Fuurfication Module the following information: (I) a geometrical shape associated with each first 
Order Model. (2) an associated confidence value. (I) an associated COA, and (4) N membership function value matrices. The Rule Base Module 
uses thb information in a manner consistent with t^rpical fuzzy rule bases to determine a set of active or applicable rules. Sample rules were 
provided in the general discussion of the Context Adjuster. Additionally, references have been suppfied that describe the necessary 
computations. Suffice it to say that the Rule Base Modules employ the information provided by the Fuzzificatbn Module to compute confidence 
value adjustmems for each of the m location hypothesei Assodated with each confidence value adjustment is a minimum membenhip 
funcdon value contained in the membenhip function matrices computed in the Fuzzificatbn Module. 

For each location hypothesis, a simple inference engine driving the rule base queries the performance database to determine how well the 
location hypotheses for the first Order Model providing the current bcation hypothesis has performed in the past (for a geographic area 
surrounding the MS loation estimate of tiie current location hypothesis) under tte presem environmental conditbns. For example, the 
performance database is consulted to determine how well this particular First Order Model has performed in the past in looting an MS for the 
given time of day, month of year, and area type. Note ttat the performance value is a vahje between 0 and I wherein a value of 0 indicates 
that the model Is a poor performer, while a value of I indicates that the model is always (or substantally ahvays) accurate in determining an 
MS loation under the comihions (and in the area) being considered. These performance values are used to compute values that are attached to 
the current confidence of the current location hypothesis; ije., these performance values serve as the "then" sides of the fuzzy rules; the First 
Order Models that have been effeaive in the past have their confidence levek incremented by large amounts while First Order Models that have 
been ineffective in the past have their confidence levels incremented by small araountt. This information b received from the Performance 
Database in the form of an environmental factor, a first Order Model number, and a performance value, Ai3Cordingly, an intermediate value for 
the adjustment of the confidence value for the currem location liypothes'is is computed for each environmental condition (used by Context 
Adjuster) based on the performance value retrieved from the Performance Database. Each of these imcrmediate adjustment values are 
computed according to the following equation which is appficable to area infornatton: 

adjustmentj' = Daj' = performance_valuej* DaKcjoij'*^ 

where a is the confidence value of a particular location hypothesis, performance^value is the value obtained from the Performance Database, 
DajiEQOK IS a system parameter that accounts for how important the information is being considered by the context adjuster. Furthermore, 
this parameter is initally provided by an operator in, for example, a system start-up configuration and a reasonable value for this parameter is 
befieved to be in the range 0.05 to 0.1 . the subscript j represems a particular environmental factor, and die superscript i represents a particuhr 
first Order HodeL However, it is an important aspect of the present invention that this value can be repeatedly altered by an adaptive 
mechanism such as a genetic algorithm for improving tte MS loation accuracy of the present invention. In this way, and because the rules are 
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"written" using current performance iiifonnation as stored in the Perfonnance Database, the Rule Module is dynamic and becomes more 
accurate with time. 

The Rule Base Module passes tltc matrix of adjustmenu to the Defuzrification Module along with the membership f unaion value matrices 
received from the FuzztTicatiDn Module. 
B.6 Defuzzification Module 

The Defuuification Module receives the matrix of adjustments and the membership function value matrias from the Rule Base Module. The 
final adjustment to the first Order Model confidence values as computed by the Context Adjuster is computed according to: 

Aa)(k) - ^ 

such as, but not limited to, time of day, month of year, and base station coverage, there are a number of system start-up configuration 
parameters that can be adjusted in attempts to improve system performance. These adjustments are, in effect, adjustments computed 
depending on the previous perfomance values of each model under'similar conditions as being currently considered. These adjustmenu are 
summed and forwarded to the blackboard. Thus, the Context Adjuster passes the following information to'the blackboard: adjustments in 
confidence values for each of the first Order Models based on environmental factoR and COA values associated with each tocation hypothesis. 
Summary 

The Context Adjuster uses environmental factor information and past perfonnance information (or each of i first Order Models to compute 
adjustments to the current confidence values. It retrieves information from the First Order Models, mteracis with the Supervisorand the 
Performance Database, and computes adjustments to the confidence values. Further, the Context Adjuster emptays a genetic algorithm to 
improve the accuracy of its calculations. The algorithm for the Context Adjuster is included in algorithm BE.B bebw: 
Algorithm BE.B: Pseudocode for the Context Adjuster. 
Conte3ct_Adjuster (geometries, alpha) 

/• This program implemenu the Context Adjuster. It receives from the First Order Models geometric areas comined in a dau structure called 
geometries, and associated confidence values contained in an array called alpha. Tte program used environmental information to compute 
improved numerical values of the confidence values. It places the improved values in the array called alplia, destroying the previous values in 
the process. 

♦/ 

// pseudo code for the Context Adjuster 

// assume input from each of i models includes a 

//geographical area described by a number of points 
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//andaconrKfencevaluealpha(i). alpha is such 
//that if it is 0.0 then the model is absolutely 
//sure that the MS is not in the prescribed area; 
// if it is 1 .0 then the model is absoltttelf 
// sure that the KS is in the prescribed area. 

//calculate the center of area for eadi of the i model ateas 
fori = I tonumb8r_of_modeis 
aladate center of area // termed coa(i) from here on out 
// extract information from the "outside world" or the envitonment 
findtime_of_day 
find month_of_year 
find nuniber_of_BS_availablfi 
find number_of_BS_reponing 

// calculate percent_coverag€ of base stations 

percent^coverage = 100,0* {number_ofJS_reporting/number_ofJS_availablc) 

// use these J = 4 environmental factors to compute adjustments to the i confidence values 
//associated with the i models - alpha(i) 
fori = I to mjraber_of_mod€is //loop on the number of models 
forj = I to number jnvjactors //loop on the number of environmental factors 
fork = I toflumber_of_fuzzy_classes //loopon the number of classes 

// used for each of the environmental 

//facton 

// calculate mu values based on membership function definitions 

calculate mu(i,j.k) values 

//go to the performance database and extract current performance infommtbn for each of the i 

//models, in the k hazy dasses, for the /environmental factors 
fetch performance(i,j.k) 

//calculate the actual values for the right hand sides of the hazy mles 

de!ta_alpha(ij,k) = perfonnance(i j,k) * delia_aipha_max(j) 
// delta_alpha_max(j) b a maximum amount each environmental 
// factor can alter the confidence value; it is eventually 
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// determined by a ge wiic algorithm 

//compute a wetted avemge; this is traditional htzzy matiienatia 

della_alpha(ij.k) = 5um[mu(ij.k)* delta jlpha(ijj()/sum[fnu(ij.lc)] 

end bop on k //number of fuzzy dasses 

//compute final delta jalpha values 

delta_alpha(i) = 3uni[delta_alplia(y)] 

end bop on j // number of environmental facton 
alpha(i) + = delta_alpha(i) 
end bop on i // number of modek 

//send alpha values to blackboard 

send delta_a!pha(i) to blackboard 

//see if it is time to interact with a genetic algorithm 
if(inj)rogrej$) 

then contmue to akulate alpha adjustments 
else 

all the genetic algorithm to adjust alpha_max parameters and mu functions 
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APPENDIX E: Historical Data Confidence Adjuster Program 

Historical_data_confidence_adjuster<ioc_hyp) 

/* This function adjusts the confidence of location hypothesis, "loc_hyp"» according to how well its locatbn signature cluster fits with verified 
5 location signature dusters in the location signattire data base. V 
{ 

mesh < get_ tmsh_ /^/(loc_hyp J0f1_ID); // each f OH has a mesh of the Location Center service area 
ojvering < — mesh_ a^vering^ of_MS_ estimteJoii^J^\f) ; /• get the celb of "mesh" that mininally cover the most 
pertinent target HS cstunate in "bc^hyp*. */ 
10 totalj>er_unit_crn)r < — 0; // initiafization 

for each all, C, of "covering" do /* determine an error measurement between the location signature cluster of "loc__hyp** and 

the verified location signature clusters in the cell *l 

{ 

centroid <— ger_ce/ii/vx{(); 

15 error_obj < - DB_Loc_Sig^Error_Fit(centroid, C, loc_hypJoc_sig__cluster, "USE ALL LOC SIGS IN 

DB"); 

/* The above function call computes an error object, "error_obj", providing a 
measure of how similar the loation signature cluster for "loc_fayp** is with the verified 
location signature clusters in the loation signature data base, wherein the verified 
20 location signature clusters are in the area represented by the cell, C See APPENDIX C 

for details of this function. */ 
total_per_unit_error < — total_per_unit_error + [error_obj.error * error_obj.confidence / sizeof(C)]; 

/* The above statement computes an "error per unit of cell area" term as: 
[error_obj.error * ern)r_objxonfidence /sizeof{C)], wherein the error is the term: 
25 error_obj.error * error_obj.confidence. Subsequently, this error per unit of cell 

area term accumulated in "total_relative_error^ •/ 

} 

avg_per_unit_error <- total jier_unit_error/nbr_cells_in(raesh); 

/» Now get a tunable constant, "tunable_constant**, that has been determined by the Adaptatbn Engine 1382 
30 (ihown in figs, 5, 6 and 8), wherein "tunable_constant" may have been adapted to environmental characteristics. */ 

tunable_con$tant < — wneable_ fl?/7xci/7/_ A/("Hi$torical_Location_Reasoner", loc_hyp); 

/* Now decrement the confidence value of "loc_hyp" by an error amount that is scaled by "tunable^constarit" 

*/ 
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loc_liyp.confidence < — loc_hypiBnfidence - (avg_per_unit_error • sizeof(covering) • tunable_connant]; 
llETUIlN(loc_liyp); 
}ENDOF Historical_data_confidence_adjuster 
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What is claimed is: 

I. A method for loQting wireless mobile stations using wireleu signal measurements of wireless signals transmitted between said 
wireless mobile sutions and a network of base stations, wherein said base stations in the network are cooperatively linked for 
5 providing wireless communications with said wireless mobile stations, comprising: 

providing a plurality of mobile station location estimators, wherein said location estimaton provide location estimates of said 
mobile stations when said location estimators are supplied with tocation information derived from wireless signal measurements of 
wireless signals transmitted between said mobile stations and the network of base stations; 

generating, by a first and a second of said location estimators, respeaively, first and second different initial location estimates 
10 of a particular one of said wireless mobile stations, using location information derived from wireless signal measurements of wireless 
signals transmitted between said particular mobile station and the network of base stations; 

determining: 

(a) fint confidence data for a first location hypothesis of said particular mobile station, wherein: 

(i) said first location hypothesis provides one of: said ftnt initial location estimate from said first location 
15 estimator, and a first successive location estimate of said particular mobile station, said First successive 

location estimate derived using said first initial location estimate, and 
(it) said first confidence data is indicative of a likelihood of said particular mobile station being at a location 
represented by said first location hypothesis; and 

(b) second confidence data for a second location hypothesis of said particular mobile station, wherein: 

20 (i) said second location hypothesis provides one of: said second inithl loc^ion estimate from said second 

location estimator, and a second successive location estimate of said particular mobile station, said 
second successive loation estimate derived using said second initial location estimate, and 

(ii) said fint confidence data is indiative of a likelihood of said particular mobile station being at a location 

represented by said first location hypothesis; 
25 deriving a most likelihood location estimate of said particular mobile station, said most likely location estimate being 

dependent on each of: said locatbn estinates of said first and second location hypotheses, and, values of said first and second 
confidence data. 

L A method as claimed in Claim I, wherein said wireless signal measurements are from wireless signals communicated between said 
particular mobile station and said network of base stations using an identkal communication standard as used when said network of 
30 base stations provide wireless communications with said particular mobile station for a purpose different from estimating a kiation 
of said particular mobile station. 

3. A method as claimed in Claim 2, wherein said different purpose is one of: providing voice communication, and providing visual 
communication. 

4. A method as claimed in Qaim 2, wherein said communication standard is for one of CDMA and TDMA. 

187 



wo 98/10307 PCTAJS97/15892 

5. A method as claimed in Claim I, wherein said wireless signal measurements are from wireless signals communiated between said 
particular mobile station and said network of base stations using an communication protocol for providing wireless voice 
communications between said network of base stations and said particular mobile station. 

6. A method as claimed in Claim I , wherein said wireless signal measurements of wireless signals communicated between said 

5 particular mobile station and said network of base sutions are included in measurements capable of being determined for voice 
communiation with said particular mobile station. 

7. A method aj claimed in Claim I . wherein said wireless signai measurements include at least one of: (a) a measurement of a signal 
strength of wireless signals detected by said particular mobile station and transmitted by one of said base stations, and (b) a 
measurement of a signal time delay of wireless signals detected by said particular mobile statwn and transmitted by one of said base 

10 stations. 

8. A method as claimed in Claim I » wherein said step of providing includes: 

transmitting through a telecommunications network, said first location estimator from a source site to a site having said 
second location estimator; 

operably integrating said first location estimator with said second location estimator for performing said steps of determining 
15 and deriving. 

9. A method as claimed in Claim 8, wherein said step of transmitting includes sending an encoding of said first location estimator 
using the Internet. 

to. A method as claimed in Claim I . wherein said step of determining includes retrieving historical location data related to said first 
initial location estimate and said second initial location estimate, wherein said historical location data includes: 
20 (al) location estimates by said first location estimator for some of said mobile stations at a first plurality of locations, and 

data identifying said locations of said first plurality of tocations; 
(bl) location estimates by siiid second location estimator for some of said mobile stations at a second plurality of locations, 
and data identifying said locations of said second plurality of locations; 
wherein said first successive loation estimate is determined using said historical location data of (al),and said successive estimate is 
25 determined using said historical location data of (bl). 

1 1. A method as claimed in Claim I, wherein said step of determining includes first seledng a first set of one or more loation 
estimates of said mobile stations also output by said first location estimator, wherein said one or more location estimates are 
determined according to, at least, a proximity of said one or nwre tacation estimates to said first initial location estimate. 

12. A method as claimed in Claim 1 1, whertiin said step of first selecting includes selecting said first set according to a function of a 
30 distam:e between said first initial location estimate and at least one of said location estimates of said first set. 

13. A method as claimed in Chim 1 1 , wherein each location estimate of said first set of location estimates has corresponding location 
data identifying a location of one of said mobile stations for which said location estimate estimates the mobile station's location, 
wherein the identified location lias been verified. 
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14. A method as claimed in Claim 1 1, wherein said step of determining includes first obtaining a first colleaion of one or more 
previously identified loations, wherein each said previously identified location: 

(a) has a corresponding loation estimate in said first set, said corresponding location estimate being for a corresponding one 

of said plurality of mobile stations, and 

(b) is approximately a location of the corresponding mobile station when said location information, derived from wireless 

signal measurements of transmissions between the corresponding mobile station and said network, was initially 
provided to said first location estimator for outputting said corresponding location estimate. 

15. A method as claimed in Qaim 14, wherein said step of determining includes fint calculating said first successive location estimate 
of said particular mobile station from said first initial location estimate using said one or more previously identified locations. 

1 6. A method as claimed in Claim 15, wherein said step of first calculating includes determining said first successive location 
estimate as a function of a convex hull of said one or more previously tdentified locations. 

17. A method as claimed in Qaim 15, wherein said step of determining indiries first computing a first value of said first confidence 
data for said particular mobile station being at a location represented by said first successive location estimate, wherein said fint 
value is a funaion of at least one of: (a) a value related to a density of said oik or more previously identified locations for said first 
successive location estimate, and (b) a value related to a size of an area for said firu successive location estimate. 

1 8. A method as claimed in Claim 17, wherein for said second successive location estimate the following steps are performed: 

(a) second seleaing a second set of one or more location estimates of said mobile stations output by said second location 

estimator, wherein said location estimates of said second set are determined according to, at least, a proximity of said 
location estimates in said second set to said second initial location estimate; 

(b) second obtaining a second colleaion of one or more previously identified locations, each said previously identified location: 

(i) having a corresponding location estimate in said second set for a corresponding one of said plurality of mobile 
stations, (ii) is approximately a location of the corresponding mobile station when said location information, derived 
from wireless signal measurements of transmissions between the corresponding mobile station and said network, was 
initially provided- to said second location estimator for outputting said corresponding location estimate; 

(c) second calculating said second successive estimate of said particular mobile station, wherein said second successive 

estimate is a function of said one or more previously known locations of said second colleaion; and 

(d) second computing a second value of said second confidence data for said particular mobile station being at a location 

represented by said second successive location estimate, wherein said second value is a funaion of at least one of: (a) a 
value related to a density of s^ one or more previously identified tocations of said second colleaion, and (b) a value 
related to a size of said second suaessive location estimate. 

1 9. A method as claimed in Claim I i , wherein said first confidence data includes a data field for a value indicative of said particular 
mobile station being in an area, wherein said area is determined as a funaion of said first set of location estimates. 

20. A method as claimed in Claim I , wherein said first confidence dau includes a data field for a value indicative of said particular 
mobile station not being in an area represented by said first location hypothesis. 
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21. A method aj claimed in Claim Uhcrein said first and jecond initial location estimates are derived using location information 
obtained from a common collection of wireless signal measurements of wireless signals transmitted between said particular mobile 
station and the network of base stations. 

22. A method as claimed in Qaim I. wherein said step of generating includes fint computing said first initial location estimate using 
said location information obtained from a first collection of said wireless signal measurements, and second computing said second 
initial location estimate using said loation information obtained from a second collection of said wireless signal measurements 
different from said fint collection. 

23. A method as claimed in Claim 22, wherein said first collecion of said wireless signal measurements are for wireless signals 
transmitted between said particuhr mobile station and the network of base stations in a first time interval, and said second collection 
of said wireless signal measurements are for wireless signals transmitted between aid particular mobile station and the network of 
base stations in a second time interval, wherein said first time interval precedes said second time interval. 

24. A method as claimed in Claim 23, wherein said step of determining includes extrapolating said first successive location estimate 
using said first initial location estimate so that said first successive location estimate is expeaed to be for a time period 
approximately identical to said second time interval 

15 2S. A method as claimed in Claim 1, further including: 

performing a fint simulation for predicting a likelihood of said particular mobile station being at a tocation represented by 
said first location hypothesis, wherein said simulation uses associated pain of location representations, a fint member of each pair 
including a location estimate obtained from said fint location estimator and a second member of the pair including a representation 
of an aaual location of one of said mobile stations for which said fint member is a loation estimate; 

20 wherein said step of determining uses a result from said step of performing for determining said fint confidence data. 

26. A method as claimed in Claim 25, further including: 

performing a second simulation for predicting a likelihood of said particular mobile station being at a location represented 
by said second location hypothesis, wherein said simulation uses associated pain of location representations, a first member of each 
pair including a location estimate obtained from said second location estimator and a second member of the pair including a 
25 representation of an actual location of one of said mobile stotions for which said fint member is a location estimate; 

wherein said step of determining uses a result from said step of performing for determining said second confidence data. 

27. A method as claimed in Claim 25. wherein said fint simulation is performed at a time outside of a time interval for performing the 
steps of generating, determining, and deriving. 

28. A method as claimed in Claim 25, wherein said first simulation includes a statistial simulation. 
30 29. A method as claimed in Gaim 25, wherein said fint simulatktn includes a Honte Carlo simulation. 

30. A method as claimed in Claim I, wherein at least said fint and second loation estimaion each utilize a different one of the 
following: 

(a) a pattern recognition location estimator for estimating a toation of said particular mobile station by recognizing a 
pattern of charaaeristics of said tocation information; 

190 



wo 98/10307 PCTAJS97/15892 

(b) a trainable loQtion estimator for estimating a location of said particular mobile station by training said trainable 

estimator to learn an association between each location of a plurality of geographical locations and corresponding 
instances of said location information related to the wireless signal measurements of wireless transmissions with one 
of said mobile stations at the location; 

(c) a triangulation loatton estimator for estimating a location of said particular mobile station by triangulating on 

measurements of said location information, wherein said measurements are determined from the wireless signal 
measurements of wireless transmissions between said particular mobile station and at least three of the base 
stations of said network; 

(d) a statistial location estimator for estimating a location of said particular mobile station by applying a statistical 

regression technique; 

(e) a mobile base station estimator for euimating a location of said particular mobile station from location information 

received from a mobile base station detecting wireless transmissions of particular first mobile station; 
(() a coverage area location estimator for estimating a location of said particular mobile station by inteneaing wireless 

coverage areas corresponding to each of a plurality of the base stations of said network; 
(g) a negative bgic location estimator for estimating where said particular mobile station is unlikely to be located. 

3 1. A method as claimed in Claim 1, wherein at least said first location estimator includes one of the following: 

(a) an artificial neural network for generating said first initial location estimate by training said artiflcial neural network 

to recognize a pattern of characteristics of said location information associated with a location from where said 
particular mobile station is transmitting; 

(b) a distance estimator for generating said first initial location estimate by determining one or more distances between 

said particular mobile station and the base stations, wherein signal timing measurements, obtained from said 
wireless signal measuremena of wireless transmissions between said particular mobile station and one or more base 
stations of said network* are used for determining said one or more distances; 

(c) a statistical estimator for generating said flrst initial location estimate by applying to said location information one of 

the following sutistical techniques: principle decomposition, leas squares, partial least squares, and Bollenger Bands. 

32. A method as claimed in Claim 31, wherein said second location estimator includes a different one of said artificial neural network, 
said distance estimator, and said statistical estimator for generating said second initial loation estimate. 

33. A method as claimed in Claim 318, wherein said distance estimator estimates the location of said particular mobile station by one 
of: a signal time of arrival and a signal time difference of arrival. 

34. A method as claimed in Claim I, wherein said first tocation estimator includes an artificial neural network, wherein said artificial 
neural network is one of: a multilayer perceptron, an adaptive resonance theo7 model, and radial basis funaion network. 

35. A location system as claimed in Claim I. wherein said fint location estimator includes an artificial neural network with input 
neurons for receiving kiGtion information data related to wireless signal time delay measurements of signal strength for wireless 
transmissions between said particular mobile station and a first collection of base stations from said network. 
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36. A method as claimed in Claim 35, wherein for each base station in said first collection, said wireless transmissions between the 
base station and said particular mobile station are detected by one of: the base station and said particular mobile station. 

37. A method as claimed in Claim I, wherein said first estimator includes an artificial neural network with input neurons for receiving 
data related to wireless transmissions between said particular mobile station and a set of one or more of said base stations, wherein 
for each base station in said set, there is at least one said input neuron for receiving one or more values indicative of at least one of 
the following conditbns: 

(a} the base sution is active for wireless communication with said particular mobile station and a pilot signal by the base 
station is deteaed by the particular mobile station; 

(b) the base station is artive for wireless communication with said particular mobile station and the base station deterts 

wireless transmissions by said particular mobile station; 

(c) the base station is active for wireless communication with said particubr mobile station and the base sution does not 

detea wireless transmissions by said particular mobile station; 

(d) the base station is active for wireless communication with said particular mobile station and said particular mobile 

station does not detect wireless transmissions by the base station; 

(e) the base station is not aaive for wireless communication with said particular mobile station. 

38. A method as claimed in Claim I, wherein said fint and second location estimators are different artificial neural networks. 

39. A method as claimed in Claim 38, wherein said first location estimator receives wireless signal time delay measurements of signal 
strength for wireless transmissions between said particubr mobile station and a first collection of base stations from said network, 
and said second location estimator receives wireless signal time delay measurements of signal strength for wireless transmissions 
between said particular mobile station and a different second colleaion of base sutions from said network wireless signal 
measurements. 

40. A method as claimed in Claim I, wherein said step of deriving includes combining values of said first and second confidence data 
when said first and second location hypotheses have location estimates of said particular mobile station that overlap. 

41. A method as claimed in Claim I. wherein said step of deriving includes combining the values related to: (a) a fim likelihood 
measurement, of said first confidence data, for said particular mobile station being at a location represented by the first loation 
hypothesis, and (b) a second likelihood measurement, of said second confidence data, for said particular mobile station being at a 
location represented by the second location hypothesis. 

42. A method as claimed in Claim 41, wherein said step of deriving includes: 

determining one or more subareas of a wireless coverage area containing location estimates of said first and second location 
hypotheses; 

determining, when said first and second location iiypotheses have loation estimates that overlap in a fint of said subareas, a 
third likelihood measurement for substantially all of said first subarea, wherein said third likelihood measurement is a funaion of 
said fint and second likelihood measurements. 
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43. A method as claimed in Qaim 42, wherein said function includes an addition of terms having said first and second likelihood 
measurements. 

44. A method as claimed in Qaim i, wherein said step of deriving includes 0, of said first confidence data, for said particular mobile 
station being at a location represented by the first location hypothesise- 
wherein said step of fuzzifying performs a funaion for distributing a decreased value of said first likelihood measurement to 

locations outside of a location estimate for said first location hypothesis. 

45. A method as claimed in Claim 44, wherein said function includes a sigmoid term. 

46. A method as claimed in Claim I , further including an expert system for aaivating said Trrst location estimator for outputting said 
first initial location estimate. 

47. A method as claimed in Claim 46, wherein said first location estimator is activated by one of: an antecedent of an expert system 
rule, and a consequent of an expert system rule. 

46. A method as claimed in Claim I, further including a stepof determining whether to modify one of: said first location hypothesis, 
and said first confidence dau according to at least one of: 

(a) an expected maximum velocity of said first mobile station; 

(b) an expeaed maximum acceleration of said first mobile station; 

(c) a prediaed location of said first mobile statun; 

{d) an expected wireless signal charaaeristic of an area containing said first location hypothesis; and 
(e) an expected vehicle route. 

49. A method as claimed in Claim 48, wherein said step of determining whether to modify includes aaivating one of an expea system, 
a fuzzy rule inferencing system and a blackboard daemon. 

50. A method as claimed in Claim I, further including a step of storing historical mobile station location data for access during said 
step of determining, wherein said step of storing includes the following substeps: 

(a) storing, for each location of a plurality of mobile station locations, a corresponding collection of wireless signal 

measurements of wireless signals transmitted between one of said mobile stations and the base stations of said 
network, wherein said one mobile station reshles substantially at said location when said wireless signals are 
transmitted; 

(b) storing, for each location of saki plurality of mobile station locations, a corresponding set of location estimates, wherein 

for each of said mobile station loation estimaton and each said set of location estimates, there is a location estimate 
of said set that is generated by said mobile station location estimator, and 
(b) stoi^ing, for each of said stored location estimates, corresponding klentification data for identifying a corresponding 
particular one of said locations of said plurality of mobile station locations, wherein saki corresponding identification 
data accurately identifies said particular location. 

51. A method as claimed in Claim 50, wherein for at least a fint of said corresponding colleaions of wireless signal measurements, 
there is an associated confidence value used for indicating a consistency of the corresponding colleaion with other of said 
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corresponding collectiom whose corresponding particular locations an! within a determined proximity to the corresponding particular 
location for said fint corresponding colleaion. 

52. A method as claimed in Claim SI further including a step of changing said associated confidence value when there is a deviation 
between said first corresponding collection deviates and said other corresponding coileaions by more than predetermined amount. 

5 wherein said deviation is determined using a statistical measurement of deviation. 

53. A method as claimed in Claim 52, wherein said statistical measurement of deviation includes a standard deviation measurement 

54. A method as claimed in Claim 52 further including a means for prohibiting said fint corresponding colleaion from use in said step 
of determining when said associated confidence vaiw is outside of a predetermined range, 

55. A location system for receiving measurements of wireless signals transmitted between a plurality mobile stations and a network of 
10 base stations, wherein said base stations in the network are cooperatively linked for providing wireless communication, the 

improvement charaaerized by: 

a plurality of different location estimaton for estimating locations of said mobile stations, such that when said location 
estimaton are supplied with said measurements of wireless signals transmitted between one of the mobile stations and said network 
of base stations, said location estimators output corresponding initial location estimates of a geographical location of said one mobile 
15 station; 

an archive for storing a plurality of data item collections, wherein for each loation of a plurality geographical locations, there 
is one of said data item collections having: 

(al) a representation of the geographical location, 

{a2) a set of said wireless signal measurements corresponding to one of said mobile stations transmitting from 
2^ approximately the geographical location 

(a3) for each location estimator of said plurality of location estimaton, a corresponding initial location estimate 
generated when said set of said wireless signal measurements is supplied to said location estimator; 
a means for constructing, for each of said loation estimaton, corresponding prediaion measurements indicative of an historical 
accuracy of said location estimator, wherein for each said prediction measurement, there is: 

* corresponding selerted group of said data item collections used in determining said prediaion measurement, 
(b2) a colleaion of mappings, wfierein each said mapping is an association between: (i) one of said corresponding 
mobile station initial location estimates generated by said location estimator using said wireless measurements of 
one of said data item collertions in said selerted group, and (ii) the geographial location of the data item 
colleaion; 

30 a means for determining, for an identified one of said mobile stations, a plurality of location hypotheses, wherein for each said 

location hypothesis: 

(cl) said location hypothesis has a location estimate of said identified mobile station derived using at least one initial 
location estimate, wherein said initial location estimate is generated by one of said plurality of location 
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estimators, said one location estimator being supplied with signal measuremenu of wireless signal transmissions 
between said identified mobile station and said network of base stations, 
(c2) said loation hypothesis has a confidence value used for indicating a likelihood of said identified mobile station 
being at a loation represented by said location estimate for said location hypothesis, wherein one of said 
prediction measurements is used in determining said confidence value; 
a most likely mobile station tocation estimator for determining a most likely location estimate of said identified mobile station, 
said most likely location estimate being derived using location estimates and confidence values from location hypotheses of said 
plurality of said location hypotheses. 

56. A method as claimed in Claim 55, wherein said measurements are for wireless signals transmitted in a wireless signal protocol for 
voice communication between said identified mobile station and said network of base statbns. 

57. A location system as claimed in Claim 55, wherein said means forconstniaing includes means for performing a mobile station 
location simulation using said stored dau item collections for determining said predktion measurements. 

58. A location system as claimed in Qaim 55, wherein said means for determining includes a means for deriving the location estimate 
of one of said location hypotheses using a time series of location estimates for said identified mobile station. 

59. A h)cation system as claimed in Claim 55, further including: 

a storage means for storing a population of representations for values of a collection of system parameters of said location 
system, wherein said parameters affect a performance of said location system in locating mobile stations; 

an adaptive component for determining one or more of said representattons whose values of said collection of system 
parameten enhance at least one of: a reliability and an accuracy of said loation system in locating said mobile stations; 

wherein said adaptive component uses said plurality of data item collections for providing, for each version of said location 
system determined by different ones of said representations: 

(dl) wireless signal measuremenu from some of saki data item colteaions as input to said version, and 
(d2) for each of said data item collections used as iiiput in (di), said corresponding geographical location for comparing 
with the corresponding most likely location estimate loation output by said versbn. 

60. A location system as claimed in Claim 59, wherein said adaptive component includes a genetic algorithm embodiment. 

61 . A tocation system as claimed in Claim 55, wherein for at least a first and second of said plurality of location estimators, each of 
said first and second location estimaton include one of the following: 

(el) an artificial neural network for use in generating said corresponding initial location estimates, wherein said artificial 
neural network is trained to recognize a pattern of characteristics of said signal measurements associated with a 
locatkin from where one of said mobile stations b transmitting; 

(e2) a distance estimator for use in generating said corresponding initial location estimates, wherein said distance 
estimator determines one or more distances between one of said mobile stations and the base stations, and wherein 
signal timing measurements, obtained from wireless transmissions between said one mobile station and one or more 
of the base stations, are used for determining said one or more distances; 
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(e3) a statistical estimator for use in generating said corresponding initial location estimates, wherein said statistical 
estimator utilizes a statistical regression technique for correlating charaaeristia of measurements of wireless 
signals transmitted between one of said mobile stations and the base stations with a location for said one mobile 
station. 

62. A method for locating a mobile station by receiving wireless signal measurements of wireless signals transmitted between a 
plurality mobile stations and a network of base stations, wherein said base stations in the network are cooperatively linked for 
providing wireless communication, the improvement characterized by: 

providing a mobile station location estimator for estimating locations of said mobile stations, such that when said location 
estimator is supplied with said measuremenu of wireless signals transmitted between one of the mobile stations and said network of 
base stations, said location estimator generates a initial location estimate of a geographical location of said one mobile station; 

storing a plurality of data item collertions, wherein for each of a plurality of geographical locations, there is one of said data 
item collections having: (al) a represenution of the geographical loation, and (a2) a representation of measurements of wireless 
signals transmitted between one of said mobile stations and the base stations when said one mobile station is approximately at the 
geographial location; 

determining, from said initial location estimate, a corresponding adjusted location estimate as a function of historical initial 
tocation estimates generated by said mobile station location estimator when supplied with said signal measurements for 
representations of (a2) of said data item colleaions. 

63. A method as claimed in Claim 62, wherein said step of determining includes the steps of: 

generating additk)nal initial location estimates when said mobile station location estimator is supplied with said signal 
measurements for representations of (a2) for said data item collections; 

selecting said additional initial location estimates that are within a determined distance of said initial location estimate; and 
deriving said corresponding adjusted location estimate using said geographical location representations of (al) for data item 
collections of a particular set of said data item colleaions, wherein said additional initial location estimates selcrted in said step of 
seleaing were generated from said signal measurements for representations of (a2) for said data item collections of said particular 
set. 

64. A method as claimed in Claim 62, wherein said geographical locations represented in (al) of said dau item collections have been 
verified. 

65. A method as claimed in Claim 62. wherein for each data item collection in a set of at least some of said data item collections, 
there is an associated confidence value used for indicating a consistency of the representation of (a2) for said data item collection 
with the representation of (a2) for other of said data item collections whose geographical location representations (al ) are within a 
determined maximum distance of said geographical location representation of (al) for said data item. 

66. A method as claimed in Claim 6S further including: 

a step of decreasing a confidence of a first data item colleaion in said set relative to a confidence for other of said data item 
colleaions of said set. when there is a deviation between the measurements of said representation (a2) for said data item colleaion, 
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and the measurements of said representations (a2) for said oUier data item collections, by more than predetermined amount, wherein 
said deviation is determined using a statistical measurement of deviation. 

67. A method as claimed in Claim 66, wherein said step of decreasing includes comparing a time related measurement for said first 
data item collectbn with a value used for identifying said data item collections that have more recent representations (a2). 

68. A method as claimed in Claim 66, wherein said step of decreasing includes computing said deviation by computing a statistical 
measurement of deviation. 

69. A method as claimed in Cbim 68. wherein said statistical measurement includes one of: a fint, a second and a third order 
standard deviation. 

70. A method as claimed in Claim 66 further including a step of prohibiting said first data item colleaion from being used in said step 
of determining>hen said confidence for said first data item is outside of a predetermined range. 

71. A method as claimed in Claim 62, wherein said mobile station location estimator anivates an artificial neural network when 
generating said initial loation estimate. 

72. A location system for receiving wireless signal measurements of wireless signals transmitted between a plurafity mobile stations 
and a network of base stations, wherein said base stations in the network are cooperatively linked for providing wireless 
communication, the improvement characterized by: 

a one or more location estimators for estimating locations of said mobile stations, such that when said location estimaton are 
supplied with said measurementi of wireless signals transmitted between one of the mobile stations and said network of base 
stations, said one or more location estimators generate initial toation estimates, wherein for a particular one of said mobile stations 
at a particular geographical location, at least first and second initial location estimates are generated; 

a means for generating, for said fint and second initial location estimates, first and second adjusted location estimates 
respectively, wherein: 

(al) said first adjusted location estimate has a corresponding confidence value indicative of a likelihood of the particular 

geographical location being at a location represented by the fint adjusted location estimate, 
(a2) said first adjusted location estimate is a function of other initial location estimates generated by said location 

estimator that generated said first initial location estimate, 
(a3) said second adjusted loation estimate has a correspomling confidence value indicative of a likelihood of the 

particular geographical location being at a location represented by the second adjusted location estimate, and 
(a4) said second adjusted location estin^te is a function of other initial location estimates generated by said location 
estimator that generated said second initial location estimate; 
a most likely estimator for determining a most likely loation estimate of the particular geographial loation of the particular 
mobile station, said most likely loairon estimate being derived using said fint and second adjusted toation estimates and their 
corresponding confidence values. 

7J. A loation system, as claimed in Claim 72 further including an archive for storing a plurality of data item collertions for 
determining measurements related to a past performance of said corresponding loation estimator generating said first initial 
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. location estimate, wherein said measurements are used in for determining said corresponding conHdence value for said first adjusted 
location estimate, wherein for each of a plurality geographical locations, there is a corresponding one of said data item collections 
having a representation of the geographical location and a representation of measurement of wireless signals transmitted between 
said particular mobile stations and the base stations. 
5 74. A location system, as claimed in Claim 73, wherein said means for generating includes a means for construaing said 

measurements, wherein said measurements include values related to a prediaiveness of a colleaion of mappings between: (a) a 
cluster of initial location estimates, determined by saU corresponding location estimator, for one or more of the mobile stations at a 
plurality of geographical locations, and (b) a corresponding representation of an actual mobile station location for each of the initial 
location estimates in said duster. 

10 75. A location system, as claimed in Qaim 74, wherein said cluster of initial location estimates are within a predetermined distance of 
said first initial location estimate. 

76. A loation system, as claimed in Qaim 74, wherein said measurements are dependent on a density of said corresponding 
representations of actual mobile station locations for the initial location estimates in said cluster. 

77. A location system, as claimed in Claim 74, wherein said measurements are dependent on a size of an area containing said mobile 
15 station locations of said corresponding representations of aaual mobile station locations for the initial location estimates in said 

duster. 

78. A location system, as claimed in Claim 72, wherein said corresponding confidence value (or said first adjusted location estimate 
indicates a likelihood of said particular mobile sution being outside of an area for said first adjusted location estimate. 

79. A location system, as claimed in Claim 72 further including a means for partitioning a wireless coverage area having said fint and 
20 second adjusted loation estimates into subareas, each subarea having expected similar measurements of wireless signals transmitted 

between one of said mobile stations in the subarea and the network of base stations. 

80. A location system, as cbimed in Claim 72, further including a means for partitioning a wireless coverage area into subareas, 
wherein each subarea has a corresponding area type charaaerized by wireless signal transmission charaaeristics between locations in 
said subarea and the base stations of said network. 

25 81. A loation system, as claimed in Claim 72, wherein said one or more mobile statkin location estimators include one or more of: a 
triangulation mobile sution estimator, a trilateration mobile station estimator, a trainable mobile station estimator, a statistical 
mobile station estimator. 

82. A loation system, as claimed in Oaim 81 , wherein said triangulation mobile station estimator triangulates using one of: a signal 
time of arrival, and a signal strength between the associated mobile station and each of three of saki base stations. 
30 83. A loation system for wireless mobile stations, as claimed in Claim B I , wherein said trilateration mobile station estimator 
trilaterates using a signal time difference of arrival between the associated mobile station and each of three of said base stations. 

84. A location system, as claimed in Claim 81 , wherein trainable mobile station estimator includes an artificial neural network 

85. A loation system, as claimed in Claim 72, wherein said one or more loation estimators receives input from a mobile base statbn. 
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86 J A location system, as ctaimed in Claim 72, wherein said means for generating includes a simulation means for determining a 
prediaiveness of said location estimator that generates said first initial location estimate. 

87. A location system, as claimed in Claim 86, wherein said simubtion means includes a statistical simulation for prediaing said 
confidence value said fint adjusted location estimate. 
5 88. A location system for wireless mobile stations, as claimed in Qaim 87, wherem said statistical simulation includes a Honte Carlo 
simulation. 

89. A location system, as claimed in Claim 72, wherein, for deriving said most likely location estimate, said most likely estimator uses 
a probability density function for fuuifying at least said confidence value for said first adjusted locatran estimate over an area 
outside of said first adjusted location estimate. 
10 90. A location system, as claimed in Claim 72, wherein for a first collection of cells of a cell mesh for the wireless coverage area, said 
most likely estimator includes means for determining a likelihood that said particular mobile station is in each cell of said first 
collection. 

91. A location system for wireless mobile stations, as claimed in Claim 90, wherein boundaries between cells said cell mesh are 
substantially coincident with boundaries of a wireless signal area type categorization. 
15 92. A location system for receiving wireless signal measuremenu of wireless signals transmitted between a plurality mobile stations 
and a network of base stations, wherein said base stations in the network are cooperatively linked for providing wireless 
communication, the improvement cbaraaeriied by: 

an archive for storing a plurality of data item collections, wherein for each loQtion of a plurality geographical locations, there 
is one of said data item collections having (al) ami (a2): 
20 (al ) a representation of the geographical locatbn, 

(a2) a set of said wireless signal measurements corresponding to one of said mobile stations transmiuing from 
approximately the geographical location 
a trainable location estimator for generating a geographical loation estimate of one of said mobile stations when said 
trainable estimator is supplied with said measurements of wireless signals transmitted between one of said mobile stations and the 
25 network of base stations, wherein said trainable tocation estimator learns by associating, for each of at least some of said data item 
colleaions, said geographical location representation (al) of the data item collection with said set of said wireless signal 
measurements (a2) of the data item collection. 

93. A location system, as claimed in Claim 92, wherein said trainable iocatioo estimator includes a pattern recognition component for 
recognizing paneras in said wireless signal measurements (a2) for data item colleaions in an area of a wireless coverage area, 

30 wherein said area is determined using said geographical loation represemations (al) of said data item collections that have for each 
of their seu of said wireless signal measurements (a2), wireless signal measurements from a same group of said base stations. 

94. A location system, as claimed in Claim 92, wherein said trainable location estimator includes an artificial neural network. 

95. A method as claimed in Claim 94, further including a different trainable location estimator utilizing a different artificial neural 
network for generating a different geographical location estimate of said one mobile station. 
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96. A method as claimed in Claim 94, wherein said artificial neural is one of: a multilayer perceptron, an adaptive resonance theo^ 
model, and radial basis funaion network. 

97. A location system as claimed in Claim 92. wherein said trainable location estimator utiFizes an artificial neural network with input 
neurons for receiving wireless signal time delay measurements of signal strength as said measurements of wireless signal 
transmissions between said one mobile station and a first collection of base stations from said network. 

98. A method as claimed in Claim 97, wherein for each base station in said first collection, said wireless transmissions between the 
base station and said one mobile station are detected by one of: the base station and said one mobile station. 

99. A method as claimed in Claim 92, wherein said trainable loation estimator utilizes an artiHcial neural network with input 
neurons for receiving data related to wireless transmissions between said one mobile station and a set of one or more of said base 
stations, wherein for each base station in said set, there is at least one said input neuron for receiving one or more values indicative of 
at least one of the following conditions: 

(a) the base station is aaive for wireless communication with said one mobile station and a pilot signal by the base station 

is detected by the one mobile station; 

(b) the base station is active for wireless communication with said one mobile station and the base station detects wireless 

transmissions by said one mobile station; 

(c) the base station is aaive for wireless communication with.said one mobile sution and the base station does not detea 

wireless transmissions by said one mobile station; 

(d) the base station is active for wireless communication with said one mobile station and said one mobile station does not 

detect wireless transmissions by the base station; 

(e) the base station is not aaive for wireless communication with said one mobile statwn. 

100. A location system, as claimed in Claim 92, wherein for at least some of said data item collections, each data item collection 
addttionatly includes at least some of the following: 

(a) at least one of a make and model of a particular mobile station used in obtaining said representation of (a2); 

(b) an identification of at least one of said base stations used in obtaining the representation of (a2); 

(c) a value indiative of whether the representation of (a I) has been verified as an accurate geographical loation 

estimate of the particular mobile station; 
(de) a value indicative of how consistent the representation of (a2) is with the representations of (a2) for other of said 
data item collections; 

(e) timestamp data indicative of approxinotely when the measurements of wireless signals for the representation of (a2) 

were received by one: the network and said location system; 

(f) power level data related to one or more power levels of said at least one of said base stations used in obtaining said 

measurements for the representation of (a2) for the data item colleaion; 

(g) power level data related to the power level of the particular mobile station when said wireless signals, for 

measurements of the representation of (a2) for the data item collertion, were transmitted. 
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1 01. ft loQtion system for receiving wireless signal measurements of wireless signals transmitted between a plurality mobile stations 
and a network of base stations, wherein said base stations in the network are cooperatively linked for providing wireless 
communication^ the improvement cliaraaeriied by: 

a plurality of mobile station location estimators for estimating locations of said mobile stations, such that when said location 
estimaton are supplied with said measurements of wireless signals transmitted between one of the mobile stations and said network 
of base stations, said location estimaton output corresponding initial loatton estimates of a geographical location of said one mobile 
station, wherein at least two of said mobile station location estimators of said plurality of mobile station loQtion estimaton include a 
different one of the following (a) through (f): 

(a) a pattern recognition component for estimating a location of said one mobile station from a pattern in the wireless 

signal measurements of transmissions between the network and said one mobile station; 

(b) a trainable mobile station location estimating component for estimating a location of said one mobile station, 

wherein said trainable mobile station location estimating component is capable of being trained to associate: (i) 
each location of a plurality of geographial lorations with (ii) corresponding measurements of wireless signals 
transmitted between a specified one of said mobile stations and the network, wherein said specified mobile station is 
approximately at the location: 

(c) a triangulation component for estimating a location of said one mobile station, wherein said triangulation component 

utilizes said measurements of wireless signals between saki one mobile station and three of the base sutions for 
tiiangulating a location estimate of said one mobile station; 

(d) a statistical component utilizing a statistical regression technique for estimating a locatkin of said one mobile station; 

(e) a mobile base station component for estimating a location of said one mobile station, wherein said mobile base 

station component utilizes location information received from a mobile base station that deteas saki one mobile 
statnn; 

(f) a negative logic component for estimating an area of where saki one mobile station is unlikely to be located; and 
a most likely estimator for determining a most likely location euimate of said one mobile station, said most likely location 

estimate being a funaion of said plurality of location estinates. 

102. A location system, as claimed in Claim 101, wherein at least one of said mobile station location estimators is activated by an 
expert system. 

103 A location system, as claimed in Claim 101 , wherein one or more of said mobile station locatwn estimaton are capable of being at 
least one of: added, replaced and deleted by Internet transmissions between said tocation system and a site remote from ioation 
system. 

104. A location system for receiving wireless signal measurements of wireless signals transmitted between a plurality mobile stations 
and a network of base stations, wherein said base stations in the network are cooperatively linked for providing wireless 
communication, the improvement charaaerized by: 
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a mobile Jtation loation providing means (or estimating locations of said mobile stations, such that when said providing 
means is supplied with said measurements of wireless signals transmitted between a particular one of the mobile stations and said 
network of base stations, said providing means determines a first collertion of one or more location estimates for said particular 
mobile station; 

5 an expert system for activating expert system rules for one of: (a) modifying one of said location estimates of said first 

collection, and (b) obtaining additional location estimates of the particular location; 

a most likely estimator for determining a most likety location estimate of the particular location, said most likely loation 
estimate being a function of one or more location estimates provided by said expert system. 

105. A location system, as claimed in Cbim 104. wherein said expert system includes expert system rules for modifying a value 
10 indiating a confidence in said particular mobile station being at a loation represented by one of said toation estimates 

106. A mobile location system for locating wireless mobile stations that communiate with a plurality of networked base stations, 
comprising: 

a wireless transceiver means: (a) for at least deteaing a direction of wireless signals transmitted from a wireless mobile 
station, and (b) for communiating with said networked base sutions information related to a loation of said wireless mobile 
15 statkm; 

a means for deteaing whether a detected wireless signal from said mobile station has been one of: reflected and deflected; 
a means for estimating a loation said mobile station by using wireless signals transmitted from said mobile station that are 
not detected by said means for detecting as one of: reflected and def leaed. 

107. A mobile loation system as claimed in Claim 106, wherein said means for detecting includes a means for comparing: (a) a 
20 distance of said mobile station from saki mobile loation system using a signal strength of said wireless signals from said mobile 

station, and (b) a distance of said mobile station from said mobile loation system using a signal time delay measurement of wireless 
signal from said mobile station. 

108. A mobile loation system as claimed in Claim 106, further including 

one or more loation estimators for estimating a toation of said mobile loation system, wherein said at least one of sakf 
25 location estimators uses wireless signals transmitted from one of: said networked base stations and a global positroning system. 

109. A mobile loation system as claimed in Claim 1 08, further including 

a deadreckoning means for estimating a change in a loation of said mobile loation system, wherein saki deadreckoning 
means provides incremental updates to said one or more loation estimates of said mobile location system output by said at least one 
loation estimator. 

30 1 10. A mobile loation system as claimed in Claim 106, wherein said wireless transceiver means includes one of a dirertional antenna 
and a sectored antenna. 

1 1 1 . A mobile loation system as claimed in Claim 1 06, wherein said means for estimating includes a means for snapping an estimated 
toation of said mobile station to a vehicle traffic route. 

1 12. A method for loating a wireless mobile station, comprising: 
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determining one or more collections of one or more location hypotheses of a location of a particular mobile station, wherein, for 
each of said collections, said one or more location hypotheses of said collection are obtained using measurements of wireless signals 
transmitted between said particular mobile station and a network of base stations, wherein said wireless signals are transmitted 
during a time interval different from any other time interval for transmitting wireless signals whose measurements are used for 
obtaining said location hypotheses for a different one of said collections, and wherein each said location hypothesis of each said 
collection provides access to the following attributes: 

(a) an estimate of the batton of said particular mobile station, 

(b) time related data for determining a measurement of time since the wireless signals, upon which said location estimate of 

the loation hypothesis, were transmitted, 

(c) a confidence providing a measurement of a likelihood that said particular mobile station is at a location represented by 

said location estimate attribute of said location hypothesis; 

constructing one or more derived location hypotheses, wherein each said derived location hypothesis also has said attributes 
(a) through (c), and wherein at least one of said attributes, for each of said derived location hypotheses, is determined using said 
attributes of said location hypotheses of said collections; 

estimating a location of said particular mobile station using said one or more derived location hypotheses. 
1 13. A method as claimed in Claim i 12, wherein said step of construdng includes deriving a value for said loation estimate attribute 
of one of said derived location hypotheses by using said location estimate attributes of location hypotheses in said one or more 
colleaions. 

I M. A method as claimed in Claim 1 13, wherein said deriving includes extrapolating said location estimate of said one derived 

location hypothesis from said loQtion estimate attributes of location hypotheses in said one or more collections. 

I IS. A method as claimed in Claim 112, wherein said step of constructing includes inserting said location hypotheses of said collections 

into one of: an expert system fad base, and a blackboard run-time storage. 

1 16. A method for locating a wireless mobile station, comprising: 

providing at least a first location estimator for estimating locations of a plurality of wireless mobile stations, wherein said first 
location estimator receives as input v/ireless signal measurements of wireless signals transmitted between said plurality mobile 
stations and a network of base stations, wherein for said network, said base stations in the network are cooperatively linked for 
providing wireless communication; 

storing a plurality of data item collections, wherein for each of a plurality locations, there is one of said data item collections 
having: (a) a representation of the location, and (b) said wireless signal measurements corresponding to one of said mobile stations 
transmitting from approximately the location; 

aaWating said first location estimator with said wireless signal measurements of said data item collections for obtaining 
corresponding mobile station botion estimates; 
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constructing a first set of said measurements for said first location estimator, wherein said first set includes values related to a 

pr«dictivene$s of a collection of mappings between: (a) said corresponding mobile stotion location estimates, and (b) for each said 

corresponding mobile station location estimate, a corresponding verified mobile station location; 

generating, by said fi5t location estimator, a first initial location estimate from wireless signal measurements of wireless signals 

from transmissions between a first of said mobile stations and the base stations, wherein a location of said first mobile station is 

unknown; 

obtaining an adjusted location estimate of said first mobile station, wherein said adjusted location estimate is obtained by using 
a subcollection of said mappings in a neighborhood of said first initial location estimate; 

determining a confidence value related to a likelihood of said first mobile station being at a location represented by said 
adjusted location estimate, wherein said confidence is a function of at least one measurement in said first set of mcasurcmenu. - 

1 17. A method as claimed in Claim 1 16, wherein said step of constniaing includes simulating looting one of said mobile stations 
using said corresponding mobile statbn location estimates and said corresponding verified mobile sution locations. 

1 18. A method as claimed in Claim 1 17, wherein said step of simulating includes performing a Monte Carlo simulation. 

1 1 9 J method for locating wireless mobile sutions from measurements of wireless signals transmitted between the mobile stations 
and a network of base stations, wherein for said network, said base stations in the network are cooperatively linked for providing 
wireless communication, comprising: 

storing a plurality of data item colledons, wherein for each of a plurality locations, there is one of said dsta item collertions 
having: (a) a representation of the location, and (b) said wireless signal measurements corresponding to one of said mobile sutions 
transmitting from approximately the bcation, wherein said wireless signal measurementt are acceptable as input to a wireless 
mobile station location system; 

determining a collection of parameters of said wireless mobile station location system that affect a performance of said wireless 
mobile station location system in locating mobile stations; 

providing a population of representations for values of said colleaion of parameters to an adaptation component, wherein said 
adaptation component: (a) generates, for said representations, configurations of said wireless mobile station location system, each 
said configuration corresponding to the values of one of saki representations, and (b) determines, for each of at least some of said 
configurations, a location predidng performance using said plurality of data items for providing wireless signal measurements as 
input and said representations of locations for comparing with mobile station location outputs by the configuration; 

determining a first of said configuratwns that an enhanced performance of said wireless mobile sution loation system; 

using said first configuration for deriving a location estimate of a first one said mobile sution, wherein said first configuration 
is provides with wireless signal measurementt of wireless signals from transmissions between said first mobile sution and the base 
sutions, and wherein a loation of said first mobile sution is unknown. 

120. A method as claimed in Claim A9, wherein said adapution component includes a genetic algorithm embodiment. 

121. A method for locating a wireless mobile sution, comprising: 
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determining a plurality of lo3tion estimates of a mobile station, wherein: (a) said loation estimates are derived from wireless 
signal measurements of wireless signals transmitted between tfie mobile station and a network of base stations, wherein for said 
network* said base stations in the network are cooperatively linked for providing wireless communication, (b) said location estimates 
are time ordered; 

obtaining an additional location estimate of said mobile station using additional wireless signal measurements transmitted 
between said mobile station and the network of base stations; 

deriving at least one derived loation estimate of said mobile station that is different from said plurality of tocation estimates, 
said derived toation estimate obtained using one or more measurements of a behavior of said time ordered location estimates; 

assigning a likelihood value that said mobile station is at bcation represented by said additional tocation estimate as a function 
of a distance between said additional location and said derived location estimate. 

122. A method as claimed in Claim 121, wherein said measurements determine at least one of: a speed of said mobile station, a 
direaion of said mobile station, a change in speed of said mobile station, and a change in direction of said mobile station. 

123. A method as claimed in Claim 121 further including a step of assigning a likelihood value to said derived location estimate as a 
function of a charaaeristic of an environment of an area containing said plurality of location estimates, wherein said characteristic is 
expeaed to affea the behavior of said time ordered location estimates. 

124. A method as claimed in Claim 123, wherein said charaaeristic is one of: a traffic route, a waterway, an abrupt change in 
elevation, a weather condition, a density of buildings having a predetermined height. 
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Figure 14: Neural Network Architecture: 2 of 3 Layers shown 
(Dense Urban Canyon) 
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UPDATE_L OC_SIG_DB (NEW_LOC_OBJ. SELECTI0N_CRITER1A. LOC_SIG_POP) 
START ) 



100 DB 



IS ••NEW_LOC_OBJ" IN THE LOCATION 
i SIGNATURE DATA BASE? 



YES 



108 DB 



INSERT "NEW_LOC_OBJ" IN THE 
LOCATION SIGNATURE 
DATA BASE 1320. 



104 DB 



I 



DBJEARCH_AREA1-^ GET A REPRESENTATION OF 
A GEOGRAPHICAL AREA SURROUNDING 
THE LOCATION ASSOCIATED WITH 
"NEW LOC OBJ". 



112 DB 



116 OB 



DB_LOC_SIGS*-GET ALL THE LOC SIGS IN THE 
LOCATION SIGNATURE DATA BASE THAT 
SATISFY THE CRITERIA OF 
"SELECTION_CRITERL\" AND THAT ARE 
ALSO IN "DB SEARCH AREAl". 



NEARB Y_LOC_SIG_BAG GET THE LOC SIGS FROM 
"DB_LOC_SIGS", WHEREIN FOR EACH LOC SIG 
GOTTEN, THE DISTANCE BETWEEN THE 
LOCATION ASSOCIATED WITH THE LOC SIG GOTTEN 
AND THE LOCATION ASSOCIATED WITH 
••NEW_LOC_OBJ" IS CLOSER THAN, E.G., 
SOME STANDARD DEVIATION (SUCH AS A 
SECOND STANDARD DEVLATION) OF THE 
DISTANCES BETWEEN LOC SIGS OF "DB_LOC_SIGS" 
AND "NEW LOC OBJ". 



LOC_SIG-^GET THE FIRST (NEXT) LOC SIG IN 
"NEARBY LOC SIG BAG". 



120 DB 



FIG. 17A 
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124 DB 



I 



\j LOC-^ A REPRESENTATION OF THE 
LOCATION ASSOCIATED WITH 
"LOC SIC". 



128 DB 



BS <3ET THE BASE STATION 122 ASSOCIATED WITH 

"LOC SIG". 



± 



MARK "LOC_SIG" SO THAT IT CANNOT BE RETRIEVED 
FROM THE LOCATION SIGNATURE DATA BASE. 



132 DB 



DB_SEARCH_AREA2-^GET A REPRESENTATION OF A 
GEOGRAPHICAL SERVICE AREA ABOUT LOC SIG 
INCLUDING "NEW LOC OBJ". 



136 DB 



138 DB 



LOC_SIG_BAG-^ CREATE LOC SIG BAG DATA STRUCTURE 
HAVING ONLY THE SINGLE ITEM, "LOC SIG". 



INVOKE THE PROGRAM. 

"DETERMINE_LOCATION_SIGNATURE_FIT_ERRORS", FOR 
DETERMINING AN ERROR IN HOW SIMILAR ••LOC_SIG" IS WITH 
OTHER VERIFIED LOC SIGS IN THE LOCATION SIGNATURE 
DATA BASE. IN PARTICULAR. INVOKE THIS PROGRAM WITH 
THE FOLLOWING PARAMETERS: 

(A) "LOC"; 

(B) "LOC_SIG_BAG"; 

(C) "DB_SEARCH_AREA2"; 

(D) "LOC_SIG^POP" FOR INDICATING THE VERIFIED LOC 
SIGS IN THE LOCATION SIGNATURE DATA BASE TO 
WHICH '•LOC_SIG" IS TO BE COMPARED; 

(E) AN INDICATION OF THE OUTPUT DESIRED, WHICH, 
IN THIS CASE, IS AN ERROR RECORD RELATED TO 
"LOC SIG". 



140 DB 



UNMARK "LOC_SIG" SO THAT IT CAN BE 
RETRIEX'ED FROM THE LOCATION 
SIGNATURE DATA BASE. 



144 DB 



FIG, 17B 
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YES 



IS THERE ANOTHER LOC SIG 
IN "NEARBY LOC SIG BAG"? 



148 DB 



NO 



152 DB 



z 



ERROR_REC_SET-»-THE SET OF ALL ERRORS RETURNED. 



INVOKE THE PROGRAM. 

"REDUCE_BAD_DB_LOC_SIGS". FOR REDUCING 
THE CONFIDENCE OF THE LOC SIGS WHOSE 
CORRESPONDING ERRORS ARE RELATIVELY HIGH. 
ALSO, DELETE ANY LOC SIG WHOSE CONFIDENCE 
BECOMES TOO LOW. 



INVOKE THE PROGRAM, 

"INCREASE_CONFIDENCE_OF_GOOD DB LOC_SIGS". FOR 
INCREASING THE CONFIDENCE OF THE LOC SIGS 
WHOSE CORRESPONDING ERRORS ARE RELATIVELY 
LOW. 



156 DB 




\ 



160 DB 



FIG. 17C 
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ESTIMATE_L0C_SIG_FR0M_DB(L0C_F0R_ESTIMAT10N, BS, BS_SIG_BAG) 

C START ^ 



APPLY PRE-PROCESING CONSTRAINTS TO ACCOUNT FOR 
DISCREPANCIES BETWEEN (a) CURRENT 
CONDITIONS, AND (b) PAST CONDITIONS WHEN 
THE VERIFIED LOC SIGS OF "LOC_SIG_BAG" WERE 
COLLECTED; i.e., APPLY CONSTRAINTS TO TAKE 
INTO ACCONT ADDITIONAL KNOWLEDGE 
REGARDING DISTINCTIONS BETWEEN THE 
CONDITIONS RELATED TO THE PRESENT WIRELESS 
ENVIRONMENT, TYPE AND STATUS OF THE BASE 
STATION OF "BS" IN COMPARISON TO THE 
CONDITIONS OCCURRING FOR THE LOC SIGS OF 
"LOC SIG BAG" 




DID THE PRE-PROCESSING CONSTRAINTS YIELD A RESULT 
INDICATING THAT ANY SUBSEQUENTLY DERIVED LOC SIG 
ESTIMATE WOULD BE EXCESSIVELY UNRELIABLE? 



YES 



FOR EACH OF THE LOC SIG SIGNAL 
TOPOGRAPHY CHARACTERISTICS, C, OF A LOC 
SIG VARIABLE, "EST_LOC_SIG", 

(A) DETERMINE A SMOOTH SURFACE, 
S(C), OF MINIMAL CONTOUR 
VARIATION FOR THE SET OF POINTS 
{(X,Y.Z) SUCH THAT (X,Y) IS A 
LOCATION AND Z IS A VALUE OF C AT 
THE LOCATION (X,Y) FOR SOME LOC 
SIG IN "LOC_SIG_BAG"}; 

(B) INTERPOLATE/EXTRAPOLATE A 
VALUE FOR THE C-COORDINATE OF 
"EST_LOC_SIG" AT THE LOCATION, 

"LOC_FOR_ESTIMATION" 



0 



RETURN 



1 



ASSIGN A DEFAULT VALUE TO ANY UNDEFINED LOC SIG FIELDS 
OF "EST LOC SIG" rici.u:> 
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GET_AREA_TO_SEARCH (LOC) 

C START ^ 
^ 



LOC_AREA_TYPE ^ GET THE AREA TYPE(S) FOR "LOC" 

I 



SEARCH_AREA-H- GET A DEFAULT MAXIMUM SEARCH AREA 
HAVING "LOC" 



I SAVED_SEARCH_AREA^SEARCH_AREA 



2 



SEARCH_AREA_TYPES^ GET THE (FUZZY LOGIC) AREA 

TYPE(S) FOR "SEARCH AREA" 



MIN_ACCEPTABLE_NBR_LOC_SIGS-^ 0 



AREA_TYPE^ GET FIRST 
(NEXT) AREA TYPE IN 
"SEARCH AREA TYPES" 



DOES "AREA_TYPE" REFERENCE 
+ A NEW AREA TYPE? 



YES 



<> 



NO 



c, 



TOTAL_ NBR_LOC_SIGS-«— THE 
NUMBER OF 
VERIFIED LOC SIGS IN 
THE LOCATION 
SIGNATURE DATA BASE 
1320 HAVING A LOCATION 
(THE "MS_LOC" 
ATTRIBUTE) IN 
"SEARCH AREA" 




IS "MIN_ACCEPTABLE_NBR_LOC_SIGS" 
> "TOTAL NBR LOC SIGS"? 



NO 



RETURN 
SAVED SEARCHED AREA 



FTG. 22A 
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SAVED_SEARCH_AREA-^SEARCH_AREA | 






f ■ 




SEARCH_AREA-*- GET A 
SMALLER AREA FOR 
"SEARCH AREA", 
WHEREIN THIS SMALLER 
AREA STILL CONTAINS "LOC". 





1 ■ 

AREA_PERCENT<-PERCENTAGE OF AREA FOR 
"SEARCH_AREA" THAT IS OF THE TYPE 
"AREA_TYPE", OR, USING FUZZY LOGIC 
HAVING A FUZZY VALUE ABOVE A 
PREDETERMINED THRESHOLD 

1 

MIN_ACCEPTABLE_NBR_LOC_SIGS 

MIN_ACCEPTABLE_NBR_LOC_SIGS + 
[(MINIMUM ACCEPTABLE VERIFIED LOC SIG DENSITY 
FOR "AREA_TYPE") * (SIZEOF(SEARCH AREA) * 
(AREA_PERCENT / 1 00)] 

J 



FIG. 22B 
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GET_DIFFERENCE_MEASUREMENT(TARGET_LOC_SIG 
ESTI^4ATED_LOC_SIG, COMPARISON LOC_SIG_BAG, SEARCH_AREA. 
SEARCH_CRJTERIA) 

FIG. 23 A 

X 



FNITI ATE THE DIFFERENCE ACCUMULATION 
PARAMETER, "ERROR", TO ZERO. 



I 



FILTER_BAG <- GET A COLLECTION OF FILTER OBJECTS FROM 
THE SIGNAL PROCESSING SUBSYSTEM I220.FOR 
TRANSFORMING THE "TARGET_LOC SIG", 
"ESTIMATED_LOC_SIG", AND THE LOC SIGS OF 
"COMPARJSON_LOC_SIG_BAG"TNTO LOC SIGS HAVING 
COMPARABLE ATTRIBUTES; i.e.. WHERE! N THE LOC SIGS 
CAN BE CONSIDERED AS BEING OBTAINED FROM THE SAME 
TYPE OF MS 140. 



APPLY EACH FILTER IN "FILTER_BAG" AS NEEDED TO THE LOC 
SIGS "TARGET_LOC_SIG", "ESTIMATED_LOC_SIG", AND THE 
L0CSIGS0F"C0MPARIS0N_LOC SIG". 



- GET THE FIRST (NEXT) LOC SIG SIGNAL TOPOGRAPHY 
CHARACTERISTIC COORDINATE (AS IS, FOR EXAMPLE, 
DESCRIBED IN (25.7) OF THE SPECIFICATION). 



NO 




WAS A NEW "C" OBTAINED? 



YES 



VARIABILITY^MEASMT.VAL <r- GET A STATISTIC 

MEASURING THE RANGE IN VARIABILITY OF THE "C" 
COORDINATE OVER THE POPULATION OF LOC SIGS 
FN "COMPARISON_LOC SIG_BAG*\ 



ERJ^OR^REC.ERROR < 
ERROR 



NO. SO THERE ARE ENOUG 
LOC SIGS IN 
"COMPARISON_LOC_SIG BAG" 



GHV^ 



IS THE NUMBER OF LOC SIGS IN 
"COMPARISON_,LOC_SIG_BAG" < AN 
EXPECTED MINIMUM THRESHOLD FOR 
A SERVICE AREA CHARACTERIZED BY 
"SEARCH_AREA" AND 
L*SEARCH_CRJTERIA"? 



YES 
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VAR1AB1LITY_MEASMT_C0NF_REDUCTI0N_FACT0R I.O 



DETERMINE A MEASUREMENT OF THE CONFIDENCE THAT CAN 
BE PLACED IN "ERROR REC.ERROR"; e.g., 
ERROR_REC.CONFIDENCE <r- 
MrN(TARGET_LOC_SIG.CONFIDENCE, 
[(THE AVERAGE CONFIDENCE OF THE LOC SIGS IN 
"COMPARISON_LOC_SIG_BAG") * 

(VAR1ABILITY_MEASMT_C0NF REDUCTION_FACTOR)]) 



DETERMINE A VALUE FOR REDUCING THE 
CONFIDENCE TO BE PLACED IN 
"VARJABILITY_MEASMT>VAL"; e.g., 
VARiABILrrY_MEASMT_CONF_REDUCTION_FACTOR<- 
SIZEOF(COMPAR1SON)_LOC_SIG BAG/ 
(THE EXPECTED MINIMUM THRESHOLD) 



DETERMINE A DIFFERENCE MEASUREMENT (''DELTA") IN THE 
"C" COORDINATE BETWEEN "TARGET LOC_SIG" AND 
"ESTIMATED_LOC_SIG"; e.g.. DELTA <-'tHE ABSOLUTE 
VALUE OF (TARGET_LOC_SIG[C] - ESTIMATED LOC SIG[C]) 



ERROR ^ ERROR + (DELTAA/ARIABILITY_,MEASMT.VAL) 





IS DELTA > 

VARIABILITY MEASMT.VAL? 



FIG, 23B 
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204CA 



GET_ADJUSTED_L0C_HYP_LIST_FOR(L0C_HYP) 

Gl^D FIG. 26A 
i 



LOC_HYP_LIST-^ CREATE AN EMPTY NEW 

LOCATION HYPOTHESIS LIST AND PUT "LOC HYP" 
ON THIS LIST. 



208CA 



MESH^ GET A MESH OF AREA CELLS RELATED TO THE 
FIRST ORDER MODEL THAT GENERATED "LOC HYP" 



212CA 



PT_MIN_AREA-^ GET A "SMALL" AREA ABOUT AN 

ESTIMATED TARGET MS POINT LOCATION PROVIDED BY 
"LOC_HYP", WHEREIN THIS AREA INCLUDES ONE OR 
MORE MESH CELLS SURROUNDING THE TARGET MS 
POINT LOCATION. 



216CA 



i 



INITIALIZE A VAIUABLE, "AREA", WITH "PT_MIN_AREA". 



220CA 



1 



PT_MAX_AREA-^ GET A MAXIMUM AREA ABOUT THE 

ESTIMATED TARGET MS POINT LOCATION PROVIDED BY 
"LOC HYP". 



MIN_CLUSTERS-*- GET THE MINIMUM NUMBER OF PREVIOUS 
MS 140 LOCATION ESTIMATES, L. THAT ARE DESIRED IN 
THE AREA, "AREA", FOR SUBSTANTIALLY 
RELYING ON HISTORICAL MS LOCATION DATA IN THE 
LOCATION SIGNATURE DATA BASE 1320 FOR ADJUSTING 
THE CONFIDENCE AND/OR THE TARGET MS ESTIMATED 
LOCATION, WHEREIN EACH SUCH MS ESTIMATE WAS 
GENERATED BY THE SAME FIRST ORDER MODEL THAT 
GENERATED "LOC HYP". 



220CA 



224CA 



PT_EST_BAG-^GET THE MS POINT LOCATION ESTIMATES 
FOR EACH PREVIOUS MS LOCATION ESTIMATE, L. 
COUNTED IN THE PREVIOUS STEP. 
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n 



L_ 

WHILE THE NUMBER OF POINT LOCATION ESTIMATES IN 
"PT_EST_BAG" IS LESS THAN "MIN_CLUSTERS" AND "AREA" 
REPRESENTS AN AREA LESS THAN OR EQUAL TO 
"PT_MAX_AREA": (A) REPEATEDLY INCREASE "AREA"; 

(B) RECALCULATE "MIN_CLUSTERS" FOR 
"AREA" ACCORDING TO STEP 224CA; 

(C) RECALCULATE "PT_TEST_BAG" FOR 
"AREA" ACCORDING TO STEP 228CA. 



232CA 



ASSIGN THE RESULTING VALUE FOR "AREA" AS THE VALUE FOR 
THE "PT_C0VER1NG" ATTRIBUTE OF "LOC HYP". 



236CA 



240CA 



252CA 



2l 




IS "PT_EST_BAG" 
EMPTY? 



YES (SO CANNOT 
ADJUST 
"LOC_HYP") 



DETERMINE THE VALUE. MIN{(SIZE OF 
(PT_EST_BAG)/MIN_CLUSTERS),1.0} AS 
A CONFIDENCE ADJUSTMENT 
COEFFICIENT; ASSIGN THIS VALUE TO 
THE PARAMETER, 
"CLUSTER RATIO FACTOR". 



256CA 



NO 



244CA 



SET THE 
"IMAGE_AREA" 
ATTRIBUTE OF 
"LOC HYP" TO NULL. 



RETURN WITH 
•LOC HYP LIST' 



) 




DOES "AREA" REPRESENT AN AREA LARGER 
THAN THE AREA FOR "PT MAX AREA"? 



YES (SO "AREA" IS TOO BIG TO ENTIRELY 
IGNORE INITL\L MS LOCATION ESTIMATE AND 
CONFIDENCE). 



260CA 



248CA 



FIG. 26B 



NEW_LOC_HYP-^ CREATE A 

DUPLICATE OF "LOC_HYP" WITH THE 
"IMAGE_AREA" ATTRIBUTE SET TO NULL, 
AND WITH THE CONFIDENCE VALUE 
LOWERED BY THE COEFFICIENT: 
(1.0 - CLUSTER_RATIO_FACTOR). 



t 
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ADD "NEW_LOC_HYP" TO "LOC_HYP_LIST". 



IMAGE_CLUSTER_SET-i- GET THE N'ERIFIED LOCATION 
SIGNATURE CLUSTERS IN THE LOCATION 
SIGNATURE DATA BASE FOR WHICH THERE ARE MS 
POINT LOCATION ESTIMATES IN "PT EST BAG". 



276CA 



IMAGE_.AREA-^GET A "SMALL" AREA CONTAINING THE 
VERIFIED LOCATION SIGNATURES IN 
"IMAGE CLUSTER SET". 



h 



264CA 



268CA 



272CA 



ASSIGN THE VALUE OF "IMAGE_AREA" TO THE 
"IMAGE_AREA" ATTRIBUTE FIELD OF "LOC HYP". 



280CA 



CONFIDENCE^ INVOKE THE FUNCTION, 

"CONFIDENCE_ADJUSTER". FOR DETERMINING A 
CONFIDENCE VALUE FOR THE TARGET MS BEING IN 
THE AREA FOR "IMAGE_AREA". THE INVOCATION 
INPUT VALUES ARE: "LOC_HYP.FOM_ID", 
"IMAGE AREA", "IMAGE CLUSTER SET". 



284CA 



ASSIGN THE VALUE OF: "CONFIDENCE * 
CLUSTER_RATIO_FACTOR" TO THE "CONFIDENCE" 
ATTRIBUTE OF "LOC HYP". 



288CA 




RETURN WITH 
"LOC HYP LIST 



0 



FIG.26C 
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Fig. 28 A 
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